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Backwards erosion piping (BEP) is a form of internal erosion which frequently undermines
dams, levees, and other water control structures by removing material from the foundation.
The hazard manifests within specific ground conditions common in many alluvial and deltaic
environments. Identifying and predicting BEP is difficult because the process is spatially
rare and occurs beneath the ground surface. This dissertation presents a body of work
contributing an improvement to the forecasting of BEP along levee structures. Three studies
are presented assessing BEP occurrence across the Lower Mississippi Valley of the United
States and the IJssel and Waal rivers of the Netherlands. Two logistic regression analyses
and a stepped empirical assessment are performed. The purpose of these studies is twofold.
First, assess a series of factors suspected of or previously identified as predictors of BEP.
Second, generate improved BEP prediction models. Several results of note may be drawn
from this work.
1. Land cover and certain geologic deposits are likely less important predictive parameters
than previously believed.
2. Critical gradient, exit gradient, and blanket thickness exhibit consistent correlation
and predictive significance for BEP.
3. Adverse orientation of local geologic deposits and factor of safety show promise as
predictive factors but require additional investigation for effective application.
4. For the first time, blanket thickness is shown to influence the likelihood of BEP inde-
pendently of factor of safety. This indicates loading conditions alone may not be able
to account for BEP occurrence.
5. An empirically derived Naive Bayes model is presented. The model is designed to
generate probabilities of BEP prediction based on blanket thickness and factor of safety.
6. A logit model is presented for widespread BEP forecasting. The model outperforms
previous attempts while using only three regionally-independent factors: critical gra-
dient, exit gradient, and thickness sum of clay within the blanket.
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Flooding is a persistent natural hazard around the world. Human settlements along
riverbanks are regularly threatened by natural fluctuations of the river. Dams, levees, and
other water control structures are frequently constructed to control and mitigate the effects
of floods on human lives and capital. While these structures can be effective at preventing
local inundation, they are also susceptible to a variety of failure modes. Structural failure
poses significant risk to the populations the structure is designed to protect and possibly
additional groups farther downstream.
Levees are a widely employed form of flood protection. Levees typically run parallel to an
adjacent body of water and are often constructed of locally sourced materials. The structure
effectively serves as a wall, preventing floodwaters from extending across the floodplain.
This function continues until rising waters overtop the structure or a section of levee fails,
allowing water to pass through the breach. Levee failure can take many forms and each mode
is controlled by a variety of contributing factors and events (Figure 1.1). This dissertation
focuses on a specific failure mode known as backwards erosion piping (BEP).
1.1 Backwards Erosion Piping
Backward erosion piping is a form of internal erosion which undermines structures by
removing material from the foundation. Four conditions are necessary for BEP [2]:
1. Flow path or source of water
2. Unprotected or unfiltered exit
3. Erodible material within the flow path
4. Continuous, stable roof that enables the pipe to grow and propagate
1
Figure 1.1 Levee failure modes [1]. This research focuses exclusively on backwards erosion
piping, which is failure mode G.
In the absence of these conditions BEP cannot manifest and erosion will take another
form. The event tree for BEP induced structural failure may be summarized in four phases
[3](Figure 1.2). First, BEP must initiate at a location. Floods build and maintain a hydraulic
load against the levee structure long enough for seepage to begin across the foundation and
establish high hydraulic gradients [4]. An unfiltered exit provides a point of weakness in the
foundation where seepage forces are concentrated and erosion can begin [4–6]. These points
may form for a variety of reasons including floral and faunal bioturbation, anthropogenic
disturbances, natural inconsistencies in the spatial deposition of materials, and even seepage-
induced heaving.
The second node of the BEP event tree is progression. Although BEP may initiate,
specific conditions are necessary for the phenomena to progress. Local stratigraphy plays
a significant role during this phase. BEP usually manifests and progresses where a sandy,
noncohesive aquifer near the ground surface is bounded above by a cohesive top stratum.
The low permeability, cohesive top stratum maintains high hydraulic head within the shallow






Figure 1.2 Phases of BEP failure mode.
void left by eroding material forms a pipe which propagates in the upstream direction along
the contact between the cohesive and noncohesive layers. Piping forms along this contact
because the cohesive upper layer maintains a roof that can bridge the gap formed by the
growing pipe. In the absence of this arrangement BEP cannot manifest as the roof often
collapses, closing off and preventing progression of the pipe [4, 7]. The eroded material is
carried along the enlarging cavity and deposited downstream where the pipe intersects the
ground surface. As the pipe grows the eroded material gathers around the mouth of the pipe
in a conical deposit known as a sand boil [5, 8].
The third node of the BEP event tree is continuation. During this phase the propagating
pipe grows in diameter as well as length. High hydraulic gradient and a robust roof are
necessary to maintain the pipe through this phase. Lacking these elements the pipe will stop
growing or collapse respectively, halting the BEP process.
The final node of the BEP event tree is breach. During this phase the pipe grows to
an unsustainable diameter and collapses. This often occurs after the pipe has traversed
beneath the levee and connected to the river itself, providing a direct pathway for water to
flow beneath the structure and hasten the erosive process. As the pipe collapses the structure
above is destabilized and subsequently fails [4].
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BEP is common along levees in many alluvial and deltaic systems around the world.
Levees along the Mississippi River in the United States, the Yangtze and Nenjiang rivers
of China, and the main rivers of the Netherlands frequently encounter BEP [4]. Although
shallow geology may vary considerably on a local scale, the conditions needed for BEP are
frequently fulfilled along the length of the structure during a flood event [8, 9]. The latter
two necessary conditions, an upper cohesive layer and an underlying, erodible, noncohesive
aquifer material, occur over a large extent of these regions. Natural patterns of flooding
over time result in the creation of extensive overbank deposits of fine grained silts and clays
[10, 11]. These deposits fulfill the role of the low permeability, cohesive top stratum known
as the blanket in the engineering community [5]. Blanket thickness can vary significantly
across a river system, but generally increases downstream. Beneath these overbank deposits
can be found point bars, meander scrolls, and abandoned channel deposits. These deposits
serve as the noncohesive, erodible aquifer material. Due to their arcuate, laterally accreted
status, these deposits vary considerably as one traverses at ground surface. Despite this
variability, their emplacement need only extend across the levee foundation to fulfill the
necessary conditions for BEP.
1.2 BEP Correlations
Because much of the BEP process is difficult to observe from the ground surface, field
observations of BEP often note the occurrence of sand boils. Boils are the only physical
manifestation of the BEP process that occurs above ground. The mound of material com-
posing the boil indicates that a pipe has reached the level of the aquifer, eroded material,
and transported the material along the pipe to its mouth. Thus, at boil locations BEP has
initiated and likely reached the second or third phase of the failure mode event tree. Due
to their utility as indicator, many studies use the features to draw correlations between boil
locations and conditions favorable for BEP.
Local geologic structures are some of the most frequently cited conditions correlating with
BEP response. Laterally accreted meander scroll and point bar deposits often form undu-
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lating relief known as ridge and swale topography. Local highs, called ridges, are composed
of coarser-grained, sandy material while local lows (i.e. swales) have a larger proportion of
fines [12]. During floods, boils are known to cluster along sandy ridges [5]. Swales and chan-
nel fill are known hydraulic barriers capable of focusing and funneling seepage, increasing
residual head and the potential for BEP [6, 13–15]. The relative orientation between these
features and levee structures has been suspected to influence the clustering habit of sand
boils [5, 6, 16]. Spatial analysis of boils indicates BEP is indeed not random and expresses
clustering at multiple scales [17]. Blanket thickness is inversely related to boil occurrence
and blanket permeability [5, 15, 18]. Mansur et al. (1956) attributes this relationship to a
decrease in defects through thicker blankets.
BEP is also sensitive to hydraulic loading conditions. Vertical hydraulic gradients (i)
from 0.5 to 0.8 may form boils [5]. Boils along the Mississippi river are known to occur at
i ≥ 0.5. This threshold was later adopted as an empirical design guideline for levees within
the United States [19, 20]. Gradient and pressure interacts with blanket thickness and blanket
permeability in a complex fashion to give distinct seepage responses [15]. Seepage typically
manifests as boils when the top blanket is thin and has low permeability (Figure 1.3).
While i is a useful tool for boil prediction it has significant limitations. Installation
and operation of piezometers requires significant time and investment. Even given a highly
detailed array of piezometers and the natural variability of loading under flood conditions,
many miles of levee can experience similar gradients but different BEP responses. As a result,
local geologic conditions have been cited as a more significant influence on the occurrence
of boils than the vertical gradient [15]. However, despite its influence on hydraulic gradient
and apparent inverse correlation with boil occurrence, characterization of blanket material
is considered a weak point in the design and analysis process for underseepage generally
[15, 18].
Robbins and van Beek (2015) perform a historical review of seven models designed to
describe the BEP process. A full review of each model and its appropriate range of appli-
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Figure 1.3 Relationships of seepage and subsurface pressures to blanket properties [15].
cability is beyond the scope of this study, but may be reviewed in the original paper [7].
However, it is important to note the elements applied in these models (Table 1.1).
Every model makes some account of the loading condition, either as a gradient or hy-
draulic head. This is to account for seepage forces acting on soil particles that drive the
erosion process. Most models make some account for soil physical properties such as unit
weight, density, grain size, and permeability. Other geologic and geometric properties such
as bedding angle, aquifer thickness, horizontal seepage length, and total pipe length are
also frequently used, though the consistency of any individual factor is very limited across
models. The effects of these influences on BEP are summarized in Table 1.2. Most of these
models focus on describing BEP from a physical perspective rather than a probability or
large scale prediction perspective. As a result, they rely on a range of detailed soil and
hydraulic measurements that can be useful for engineering design, but difficult to apply for
assessing BEP hazard.
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1.2.1 Logistic Regression Analyses
Several studies employ logistic regression to parse the relationships between BEP and
other levee failures with local conditions. Logistic regression, also known as logit modelling,
provides two valuable outputs for these studies of association. First, a set of statistics
are provided describing the relationship between individual factors and a response variable.
Second, a logit model is produced (Equation 1.1). The model may be applied to generate the
probability of a response given a set of input factors. Together, this makes logistic regression







β0, β1, ..., βn Regression coefficients
X1, X2, ..., Xn Series of variables fed into the logit model. The value of a given element
is the value of the respective variable at the location in question
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Table 1.2 Overview of factors and their influence on the occurrence of piping, modified from
Robbins and van Beek (2015).
Piping Less Likely Piping More Likely
Dense sands Loose sands
Larger particles Smaller particles
Broadly graded sands Uniformly graded sands
Natural filters in pipe path Homogeneous piping layer
Shallow aquifers Deep aquifers
Temporary loading Long term loading
Uniformly distributed exit flow Concentrated exit flow
Movement resisted by gravity (uphill) Movement assisted by gravity (downhill)
P (1) Probability of an event (i.e. 0 or no sand boil) at the respective location
(%)
While the methodology is readily applicable for an array of disciplines, it has notable
drawbacks. First, the model can easily be overfitted. As a result, the relationships identified
by the regression and the final model can exhibit limited applicability outside the training
dataset. Multiple strategies are usually employed to reduce the effects of overfitting. Resam-
pling and statistical class shrinkage methodologies are helpful as well as parameter screening
prior to inclusion in the regression [26]. Second, a thorough understanding of the dataset and
factors is necessary to effectively interpret the regression outputs. While P-value assessment
usually receives the most attention, one should also review additional responses including
odds ratio (OR), goodness of fit tests, variance inflation factors (VIF), and other model and
parameter performance metrics to better understand how elements interact with one another
and the response variable.
Despite these limitations, logistic regression is frequently applied to a broad range of
scientific, engineering, and economic problems, including the evaluation of levee failures and
BEP. Glynn and Kuszmaul (2010) utilize logistic regression to investigate BEP along a 26 km
section of the Middle Mississippi River Valley. The authors screened parameters to a list of
piping-related variables as identified by previous investigations (Table 1.3). At a confidence
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interval (CI) of 95% their model indicates only three significant factors, transformed confining
layer thickness (Zb), effective aquifer grain size (D10), and geologic configuration of swales and
abandoned channels to the levee. Assessment of the model and parameters mostly focuses
on P-value responses and predictive abilities rather than receiver operating characteristic
(ROC) or goodness of fit tests. The authors also do not present many other parameter
measures such as OR or VIF and classify their model responses into three categories rather
than a threshold cutoff. These conditions make it difficult to directly compare performance
of the final model against other BEP logit models. Final parameter selection appears to be
based on P-values meeting the confidence interval criteria without applying resampling or
class shrinkage methods.
Table 1.3 Glynn and Kuszmaul (2010) parameters of interest.
Parameter Symbol
Net head on the levee (ft) H
Transformed confining layer thickness (ft) Zb
Vertical permeability of riverside top blanket (cm/sec2) Kbr
Vertical permeability of landside top blanket (cm/sec2) kbl
Effective thickness of the substratum (ft) d
Ratio of horizontal permeability of the substratum with
vertical permeability of the top stratum
kh/kv
Distance from landside toe of the levee to effective
seepage entry
s
Distance from landside toe of the levee or berm to
effective seepage exit (ft)
x3
Critical gradient through the top stratum landside toe
of the levee
ic
Effective grain size of aquifer D10
Surface geologic deposit Based on type
Surface geologic configuration Based on alignment with
the levee
Blocked exit Based on alignment with
the levee
Semmens et al. (2017) applies a similar methodology along the Lower Mississippi Valley
(LMV) but diverges by expanding the factors of interest and physical scale of the study.
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The area of interest is increased by nearly an order of magnitude to a 225 km section of
levee adjacent the Mississippi River. Channel fill deposit orientation also takes the place
of swale orientation. For the first time the study incorporates an evaluation of vegetation,
applying normalized difference vegetation index (NDVI) to classify local land cover. The
results generally support the significance of unfavorable geologic configuration from Glynn
and Kuszmaul (2010) and Mansur et al. (1956). New relationships of significance include
saturated hydraulic conductivity, the American Association of State Highway and Trans-
portation Officials (AASHTO) soil classification, and NDVI. Similar to the model by Glynn
and Kuszmaul (2010), the predictive model shows promise but struggles to remove false pos-
itives. ROC, VIF, OR, and other model performance metrics are also not provided. In both
cases it is difficult to comment on the range of applicability and compare model performance
due to the lack of these statistics.
Flor et al. (2010) more effectively apply logit modelling to investigate levee failures
within the past century along the Middle and Lower Mississippi River (MMR and LMR
respectively) using geologic, geomorphic, and other physical factors. These parameters in-
clude some closely related to the previous boil regressions such as floodway, land cover, and
presence of channel fill. The channel fill parameter is determined using the maps of Fisk and
Saucier as well as inferences from high resolution DEM interpretation coupled with soil data
from the National Resources Conservation Service (NRCS) soil survey [27, 28]. The study
keeps datasets split into MMR and LMR datasets and assesses each dataset according to
conservative (95%) and liberal (80% and 90% respectively) confidence intervals. The results
of these models are summarized in Table 1.4 [29].
Odds ratios and model performance metrics such as accuracy greatly enhance the ability
to compare this predictive model and parameters against other models. Presence of channel
fill exhibits a very strong influence toward levee failure in both MMR models followed by
positioning within the meander chute, and outside the meander in the liberal model. Channel
width and dredging have nearly no effect on the final outcome of the model despite statistical
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MMR Conservative 0.05 68.6% Presence of channel fill
MMR Liberal 0.2 74.3% Presence of channel fill












Presence of borrow pit
Vegetated buffer width
Placement of bank revetments
significance indicated via P-value. The LMR models are most strongly influenced by the
presence of high channel sinuosity, position outside the meander, and position along the
meander chute. Location within a meander and borrow pits exhibits decreased odds of levee
failure while vegetative buffer, presence of revetment, and channel width essentially have no
effect. Although the response variable in this study is levee failure instead of sand boils,
BEP is one of the contributing failure modes. In either case, factors such as land cover and
presence of channel fill appear to be statistically significant predictors and model influencers.
1.3 BEP Prediction Challenges
Despite our knowledge of BEP and the factors that correlate with its occurrence, the
phenomenon continues to be difficult to accurately predict. Several circumstances are re-
sponsible for this condition. First, BEP does not manifest at the ground surface except as
sand boils. Even when boils manifest, they can be hidden by dense foliage and standing wa-
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ter. This may indicate why land cover correlates with BEP occurrence, affecting the ability
to locate boils rather than exhibiting true correlation.
Second, with respect to spatial scale, sand boils are a relatively rare occurrence. The US-
ACE has surveyed for boils during major flood events since the early twentieth century. The
Vicksburg District within the corps has one of the highest quality survey sections stretching
from Memphis, Tennessee to Hillhouse, Mississippi. Since 1937 only 102 unique boil loca-
tions were noted along 150 miles of levee averaging 0.7 boils/km of levee length. During the
last major flood along the levee section in 2011 only 26 unique boil locations were noted; an
average of 0.2 boils/km. This results in boil datasets composed of observations from wide
geographic extents. Attempting to account for consistent site conditions can quickly strip
datasets into samples so small they struggle to draw robust statistical conclusions.
Third, boils form under highly localized conditions. Floodwaters rise and fall as pulses
providing inconsistent loading across a levee system. Even accounting for differences in
loading, many miles of levee can experience similar vertical hydraulic gradients but different
BEP responses. Additionally, ground conditions where BEP occurs (i.e. noncohesive sands
overlain by a consistent, cohesive roof not so thick as to prevent initiation of erosion and
formation of a pipe) form within a complex assortment of natural levee, channel fill, point
bar, and backswamp materials deposited by migration of the adjacent river over time. Orien-
tation of local geologic features, man-made structures, foliage, ongoing mitigation measures,
and even bioturbation by local fauna all have the potential to influence the initiation and
progression of BEP.
The result is a spatially rare failure mode that correlates with an intricately interwoven
series of factors difficult to isolate and quantify without dramatically pairing down the BEP
sample data. Quantifying the most influential and accessible variables correlating with BEP
would greatly assist the efforts to predict and mitigate the failure mode.
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1.4 Dissertation Organization
The following four chapters present a body of work contributing an improvement to the
forecasting of BEP along levee structures. Chapter two presents a paper published within the
Journal of Environmental Earth Sciences. The study applies logistic regression analysis to
a sand boil dataset along the Waal and Ijssel rivers in the Netherlands. The final predictive
model and significant factors are then compared against results of the Mississippi River logit
methodologies [6, 16].
Chapter three advances a paper under consideration for the Natural Hazards Review
Journal. The study performs a stepped, empirical assessment of the relationship between
blanket thickness and BEP occurrence within the Lower Mississippi River. The study utilizes
original data from the Mansur et al. (1956) report to compare a variety of blanket and loading
characteristics with the occurrence of BEP. The study concludes with a new Näıve Bayes
model for predicting BEP as a function of blanket thickness and factor of safety (FS).
Chapter four presents a paper under consideration for the Quarterly Journal of Engi-
neering Geology and hydrogeology. The study applies logistic regression to the Mansur et
al. (1956) dataset to generate a new predictive model designed for breadth of applicability.
The final model is thoroughly vetted, cross-validated, and optimized for general application.
The results are then compared against previous logit model attempts at BEP prediction.
The dissertation closes with a final chapter organizing and summarizing notable findings
from the previous sections. The chapter places conclusions from preceding work into the
context of current knowledge and addresses new avenues for continued investigation.
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CHAPTER 2
EVALUATION OF ENVIRONMENTAL PREDICTORS FOR SAND BOIL
FORMATION: RHINE-MEUSE DELTA, NETHERLANDS
A paper published in the Environmental Earth Sciences journal.
Stephen Semmens1, Wendy Zhou2
2.1 Abstract
During high water events, backward erosion piping poses a serious threat to the stabil-
ity of artificial levee structures. Sand boils forming on the land-side of levees are presently
the best indicator of active backward erosion piping, but surveying these features across
extensive levee works during flood events is time and resource intensive. Using geographic
information system (GIS) technology and a probabilistic statistical analysis this study as-
similates geologic, environmental, and spatial relationship data to generate models to predict
the likelihood of sand boil development. Data such as unfavorable geologic orientation, nor-
malized difference vegetation index (NDVI), and blanket thickness are assigned to over 100
km of levees along the Waal and IJssel rivers of the Netherlands. A binary logistic regression
is then applied to identify factors with statistically significant relationships to historical sand
boil locations and generate a predictive model using the significant factors. The logit models
generally support previous findings indicating unfavorable orientation of geologic deposits
and NDVI have a significant relationship with the spatial occurrence of sand boils. De-
spite this statistical significance, the best predictive model yields an accuracy only 10.83%
higher than a random prediction model. Given variance in factors between models, sand
boil formation appears to be dependent on a combination of conditions experienced on a
1Graduate student, Department of Geology and Geological Engineering, Colorado School of Mines. Primary
researcher and author.
2Associate Professor, Department of Geology and Geological Engineering, Colorado School of Mines. Aca-
demic advisor and second author.
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local scale. Furthermore, attempting to predict sand boils using a single logit model across
multiple geologic environments reduces the influence of region-specific conditions, yielding a
less effective model than evaluating the systems individually.
2.2 Introduction
Artificial levees provide valuable protection from flood and tidal events. Typically these
structures are composed of earth or stone and built parallel to a river to shield specific regions
of land from inundation [30]. These structures are often constructed atop and are surrounded
by pervious materials. During high-water events the pervious nature of the foundation and
surrounding land can lead to a phenomenon known as backward erosion piping, a condition
which can lead to structural failure of the levee if left unaddressed.
Backward erosion piping is driven by the imbalance in hydrostatic pressure on the two
sides of the levee: the flooded region (water-side) and the region protected from inundation
(land-side). As the water level rises along the water-side of the levee a large hydrostatic
imbalance is formed across the structure. To correct this imbalance water seeps from the
high pressure water-side to the lower pressure land-side through the pervious foundation.
As pore pressure rises within the foundation, the effective stress acting upon individual
particles decreases, increasing their erodibility by the seepage pressures and resulting drag
forces exerted from the movement of water. At a certain threshold these seepage pressures
become strong enough to erode particles in the subsurface (Figure 2.1). As material is eroded
small natural cavities usually referred to as pipes begin to form. These pipes propagate in
the upstream direction growing in length and diameter as material at the upstream end and
the perimeter of the pipe is eroded. The eroded material is then transported along the length
of the pipe and deposited at the ground surface on the downstream, land-side of the levee
[9]. On the ground surface the energy which initially eroded and transported the particles
quickly dissipates, depositing the particulate around the mouth of the small erosion channel.
Over time the deposition of this eroded material forms a conical mound referred to as a sand
boil [8, 14]. As the erosion pipes grow upstream they begin to erode material supporting
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the levee structure, weakening the foundation. If enough material is removed the foundation
may no longer be capable of supporting the levee structure, triggering a levee failure [9].
Thus, sand boils are indicators of active backward erosion piping and locations along a levee
where the stability of the levee foundation is threatened.
Figure 2.1 Image depicting phases of the backward erosion piping progression. Modified from
Beek [9].
Backward erosion piping is a staple problem for levees constructed atop alluvial and
deltaic deposits [8, 9]. As the name sand boil suggests, the material eroded is predominantly
noncohesive, uniform sand. The pipes which assist in transporting the material typically
form just below a layer of cohesive material which forms the roof of the pipe. Noncohesive
materials may also form a roof but often lack the structural integrity to maintain the roof
as the pipe grows and widens. Mixed deposits of clay and uniform sands, like sand boils, are
common within the modern river and deltaic depositional environments [9].
Outside of the geologic setting, sand boils have previously been tied to a variety of
factors. Work along the Mississippi River by the US Army Corps of Engineers (USACE)
had on multiple occasions found correlations between the presence of sand boils and specific
local geologic features [14, 15, 31]. As early as 1956 the USACE noted an increase in sand
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boils in regions where the geometry of ridge and swale topography within the Mississippi
Valley appeared to affect the movement of water in the shallow subsurface [13]. Ridge and
swale topography is a term used to describe the character of alternating curvilinear elevations
(i.e ridges) and depressions (i.e. swales) of materials accreted during the meandering of a
river [12]. The finer grained swale and channel fill deposits were known to serve as barriers
which focus and funnel groundwater flow through the subsurface [13, 14, 31].
In 2012 Glynn et al. investigated the potential to predict piping events along a 26 km
section of the Middle Mississippi River Valley [31]. Using a multivariate logistical regression
(also known as a logit regression or logit model) the team evaluated the significance of re-
lationships between the advent of sand boils and the presence of geotechnical and geologic
factors nearby. Two important conclusions were drawn from this work. First, the statistical
model indicated the three most significant factors for predicting piping events were unfavor-
able geologic configuration, thickness of the top stratum (also known as the blanket), and
the effective aquifer grain size. Second, the model derived from these statistically significant
factors showed promise by correctly predicting the locations of future sand boils, but strug-
gled to remove false positive predictions where sand boils were predicted to occur but none
were observed [31].
A similar methodology was performed by Semmens et al. in the Lower Mississippi Valley
(LMV) but differed by expanding the factors of interest and physical scale of the study.
The region of study was increased by nearly an order of magnitude to a 225 km section of
levee adjacent the Mississippi River [16]. Swale orientation was replaced by an evaluation
of the channel fill deposit orientation. For the first time an evaluation of vegetation was
also incorporated using normalized difference vegetation index (NDVI) to classify local land
cover. The results of their logistic regression upheld the significance of unfavorable geologic
configuration previously identified by Glynn et al. [31]. Saturated hydraulic conductivity,
the American Association of State Highway and Transportation Officials (AASHTO) soil
classification, and NDVI were also identified as significant for predictors of locations for sand
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boil development. Once again, the predictive model showed some promise but struggled to
remove false positives [16].
The latter two studies indicated a promising future for predicting the occurrence of sand
boils. Twice orientation of fine grained geologic deposits registered as significant, regardless
of changing scales and a shift in the geologic environment. Both also indicated that soil
properties related to the ability of water to move through the subsurface were significant.
While these results are encouraging, there are many differences between the two studies, and
further investigation is needed to identify the limitations for scale and setting which this
methodology may be applied. This paper reviews a study which applies the Semmens et
al. methodology to a study area in the Netherlands at similar scale but different geologic
setting [16]. The results are then compared to the previous two attempts to use multivariate
logistic regression in predicting sand boil development along levees.
2.3 Study Area
Two levee sections within the Rhine-Meuse delta in the Netherlands were selected for this
study (Figure 2.2). The first region is a 48 km section of levee on the northern bank of the
Waal River between the towns of Tiel and Gorinchem. The second area is a 53 km section
of levee on the eastern bank of the IJssel River between Deventer and Kampen. Both study
areas lie within the Rhine-Meuse delta atop Holocene fluvial deposits. Progressing from the
early Holocene to present day the temperature of the region has risen and peak discharge
of the river system decreased. These changes led to an increase in regional vegetation, a
decrease in sediment load in total, and increase in sediment load of fines. As a result the
Rhine-Meuse transitioned from an aggrading braided river to its modern character of low-
energy, low-sinuosity incising meandering rivers [32]. Coupled with a sea level rise, the result
along the Waal and IJssel River regions was the deposition of clayey floodbasin deposits atop
sandy Pleistocene terraces of glacial origin (Figure 2.3). These clay-rich fluvial basin deposits
increase in thickness moving westward across the Netherlands from 1-2 m near the German
border to approximately 25 m adjacent the Dutch coast [33].
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Figure 2.2 IJssel (right) and Waal River (bottom) study regions. Levee sections appear as
matching toned line within the respective study area frame.
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Figure 2.3 Cross section looking west across the Waal River located at the western end of the Waal River study region. Modified
from Gouw and Erkens [34].
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River avulsion, the rapid formation of a new river channel after abandonment of a current
channel, is a common mechanic in the Rhine-Meuse delta. Regionally, the avulsion process is
controlled by the influence of sea level rise, neotectonics, increased discharge, sedimentation,
and various anthropogenic influences [35]. The IJssel River formed due to a partial avulsion
of the Rhine which started as early as 600 AD [36]. However, natural avulsions within the
delta have declined since the first human embankment of the rivers 1000-650 yr BP, and
avulsions since that time have been induced by human activities [35].
The Waal and IJssel River levee sections provided several advantages for this study. First,
an extensive length of levee exists in each area for analysis. Second, a variety of geologic and
soil data was readily available. The Geological Survey of the Netherlands provides free digi-
tal geologic information for the entirety of the Netherlands through the Dinoloket database.
Paleochannel and paleogeographic information was also available for the Waal and IJssel
regions. Third, historical sand boil data, a necessary component for the statistical analysis,
had been recorded for both regions by the local water boards. Finally, the regions provide
a contrast to Middle and Lower Mississippi River settings wherein the logistic regression
procedure had previously been applied to predict sand boil development. In addition, al-
though the Waal and IJssel rivers formed shortly after the Christian Era and are amongst the
youngest channel belts in the Rhine-Meuse delta the rivers have inherently different source
areas, discharges, directions of flow, and other characteristics [33]. These differences provide
an additional means of comparing and contrasting results not only between the Rhine-Meuse
and Mississippi settings, but within the Rhine-Meuse delta as well.
2.4 Methodology
2.4.1 Factor of Interest Preparation
Levee sections are selected for this study based on their proximity to available sand
boil data. The levee center line (LCL) is digitized using a 2012 map of Netherlands dike
regions (Figure 2.4). Levee width varies significantly within both areas of interest as the
structures move across the landscape and through urban regions. The structural footprint
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changes according the design needs of the particular location. A representative width for the
levee in each study area was calculated by taking the average width of the structure at 50
locations selected based on clarity of the levee structure from aerial imagery. To remove the
levee structure from interfering with later environmental calculations a width of 30 meters
(100 feet) and 40 meters (130 feet) is adopted for the Overijssel and Gelderland regions
respectively. The levees are then split into 30 meter (100 foot) segments to provide a sample
size compatible with later statistical analyses.
Figure 2.4 Schematic of artificial levee and surrounding elements. The numbered, dark
gray sections of the levee represent individual segments along a levee length. The adjacent,
lettered, moderately gray regions represent different buffer areas from which data is col-
lected. Buffer regions were defined and applied from the toe of both levee sides although
this schematic presents examples only on the land-side. The schematic is not to scale.
Next, the segments are buffered to generate regions of interest surrounding the levee.
Three buffer areas extending perpendicular to both the land- and water-sides of the levee
are generated. The buffer distances are 50 meters (165 feet), 100 meters (330 feet), and 200
22
meters (655 feet). This enables three regions (of various distance) around the levees to be
analyzed: the land-side buffer zone, the water-side buffer zone, and an area combining both
the land- and water-side buffer zones.
Following definition of the levee buffer regions, a number of factors of interest are iden-
tified (Table 2.1). The factors are chosen based on their suspected or known relationships
in promoting the development sand boils along levees. Once collected a representative value
for each factor within each buffer region is determined and assigned to the respective levee
segment.
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Floodplain width is defined as the shortest distance between the levee segment and the
nearest riverbank. This value is calculated in ArcGIS by taking the difference between the
two digitized lines: one approximating the near river bank and the second defining the
river-side edge of the levee structure.
Regional geological information was provided by the Geological Survey of the Netherlands
through DINOloket [37]. In this study the median measure of the thickness and depth to
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the top and base of each regional formation is assigned to the respective levee structure.
The natural blanket thickness is not provided by the same source, but is derived from cone
penetrometer tests (CPT) also available through DINOloket. The database utilizes CPT
information to map soil properties across much of the Netherlands. From the database, a
series of soil classification information layers are acquired. Each layer describes the regional
soil character at a respective depth starting from the ground surface and continuing at depth
in intervals of 0.5 m. Regionally, DINOloket data indicated a sharp drop in the presence of
clay-rich blanket material below a depth of 7 m. Since near surface clay deposits reduce the
upward movement of water and subsequent development of sand boils, similar to artificial
blankets designed to mitigate the same phenomena, a measure of the robustness of these
deposits is described by the natural blanket thickness factor. This factor is calculated by
determining the largest number of consecutive clay-dominant soil classifications from the
CPT data for a soil column to a depth of 7 m. The median value for each levee buffer region
is then calculated and assigned to the respective levee segment.
Adverse geologic orientation was derived from the Zand in Banen collection of Holocene
Rhine-Meuse delta maps detailing palaeogeographic development of the delta in the Nether-
lands [38]. Unfavorable geologic orientation was delegated using the Glynn et al. system
(Table 2.2, Figure 2.5)[31]. The categorical values are assigned manually by evaluating the
geologic condition adjacent the LCL and assigning the proper ranking value to the respective
levee segment. The resulting value is independent of the levee buffer zones. Two additional
ranking categories, 0.3 and 0.4, were added to account for unique conditions that were not
adequately addressed by the previous ranking system: one for cases where channel fill ma-
terial was present but the particular orientation of the deposit relative to the adjacent levee
was unclear and a second for adjacent crevasse splay deposits.
NDVI is generated using Landsat 8 imagery acquired from the USGS Earth Explorer
online portal. Two images taken on July 31, 2014 and July 21, 2013 were merged to encom-
pass the full area of interest and minimize atmospheric interference. The images are selected
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Figure 2.5 Schematic of ranking system for unfavorable geologic configuration applied to a
series of structures along a levee [16]. The grey shapes on the land-side of the artificial levee
represent crevasse splay or channel fill deposits. The lighter grey bar containing numeric
values to the left of the levee indicates the proper ranking value for the respective geometry
immediately adjacent. For example, levee sections where a channel fill deposit lies within
the 250 ft. (76.2 m) buffer region adjacent, but not intersecting with, the artificial levee are
given a value of 0.9.
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Table 2.2 Detailed description of unfavorable geologic configuration categories [31]
Ranking Description
0 No unfavorable configuration
0.3 Crevasse splay intersects levee
0.4 Channel fill geometries too complex or unclear to
adequately be described by the remaining rankings
0.5 Intersects the levee at an angle > 90◦
0.6 Exists parallel to the levee between 500-1000 feet
(152.4-304.8 m) on the land-side of the levee toe
0.7 Intersects perpendicular with the levee
0.8 Exists parallel to the levee between 250-500 feet
(76.2-152.4 m) land-side of the levee toe
0.9 Exists parallel to the levee within 250 feet (76.2 m) of
the levee toe with no overlap
1.0 Intersects the levee at an angle < 90◦
to correspond with the summer season when vegetation coverage via NDVI should be most
effective in differentiating between land cover. Two NDVI maps were made, a quantitative
measure of NDVI and a second where the quantitative values were categorized into the four
primary land types they represent: water, barren land, light vegetation, and heavily vege-
tated. The mean quantitative NDVI value and the majority categorical NDVI value were
chosen as the representative values assigned to the levee segment according to the buffer
region (Figure 2.4).
2.4.2 Preparation of Response Factor
Following assignment of the factors of interest, sand boil events are allocated to the levee
segments. In total, 69 sand boil events were acquired describing boil formation between De-
cember 2012 and June 2013 [39, 40]. However, individual sand boil events cannot definitively
be prescribed to a particular section of levee. In order to associate an event with a levee
section a series of kernel density maps are generated. The maps are then used to identify
collections of segments most likely associated with the development of the sand boils. The
segments are then assigned a binary value to reflect this relationship; a value of 1 indicating
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a likely connection to a local sand boil or value of 0 indicating no sand boils nearby.
2.4.3 Application of Probabilistic Statistical Classification Model
Following acquisition and organization of the data a binary logistic regression is applied.
This statistical method predicts a binary outcome (e.g. sand boil or no sand boil) when given
a series of variables regardless of whether the variables are continuous, discrete, or mixed
nature. The analysis yields two important results: an equation to calculate the probability
of a binary outcome (i.e. logit model) and a measure of the statistical significance of each






β0, β1, ..., βn Regression coefficients
X1, X2, ..., Xn Series of variables fed into the logit model. The value of a given element is
the value of the respective variable at the location in question
P (1) Probability of an event (i.e. 0 or no sand boil) at the respective location (%)
While all input variables may be retained, only variables identified as statistically signifi-
cant by the regression are chosen to be included in the final model. A 95-percent confidence
interval (i.e. α = 0.05) was selected as the threshold for significance. This is the same thresh-
old set in the related research of Glynn et al. and Semmens et al. [16, 31]. The hypothesis
being tested is that a given factor has no association with the distribution of sand boil events.
After completing the regression, the p-value from each factor is compared versus the α to
test the hypothesis. If p-value > α then the association is not statistically significant. If
p-value ≤ α it may be concluded that there is a statistically significant association and the
hypothesis is rejected. A principal components analysis is then performed to identify and
remove redundant variables from the collection of significant factors and reduce overfitting
of the final model. The logistic regression is then reapplied to the significant, non-redundant
variables to generate the final logit model. Next, the model is applied with respect to each
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levee segment to generate a probability of sand boil formation at the given location. The
results are then compared against the location of sand boils observed in the field to evaluate
model accuracy.
2.5 Results and Discussion
The procedure for this study closely mirrors the LMV study performed by Semmens et
al. but differs in one critical manner; the levee buffer dimensions [16]. During collection and
organization of data the authors noted sand boils within the Netherlands data set tended to
form over a shorter range of distances from the levee structure (Figure 2.6).
Figure 2.6 Histograms of land-side distance to sand boils in LMV (top) and Netherlands
(bottom).
A two-sample Kolmogorov-Smirnov test was used to compare the similarity of the two
sample sets. Assuming an alpha of 0.05, the test rejects the null hypothesis that the samples
come from the same population [41]. Kurtosis was calculated as 15.78 and 3.06 (a value of
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3 being normally distributed) for the LMV and Netherlands areas respectively. Skewness of
3.33 and 0.68 (a value of 0 indicating symmetric data) were also calculated for the LMV and
Netherlands areas respectively. These observations indicate that the LMV dataset is more
outlier-prone and significantly right-skewed towards larger distance measurements.
The authors believe that the reason for these differences in spatial distribution is a result
of significantly different geologic conditions. Sand boils along the LMV typically occur on the
wide, sand-rich point bar deposits adjacent the Mississippi River. The Waal and IJssel rivers
in the Netherlands along much tighter channels with less extensive point bar deposits which
quickly give way to thick deposits of complexly mixed, typically fine grained fluvio-deltaic
deposits. Point bar deposits provide the ideal conditions for sand boil development being
primarily composed of noncohesive sand overlain by a relatively thin blanket of cohesive
material. Given that these geologic conditions are present across a greater region along the
LMV it is not surprising a wider range of distances over which sand boils form in the area
was observed.
Knowing that sand boils form due to conditions lying within the active piping region
between the location of the sand boil and the source of the hydraulic pressure, examining
information extending significantly farther to the land-side of the features was considered
unnecessary. As a result, the buffer areas which defined the regions of interest surrounding
the levees were reduced by a third for examination of the Netherlands data to 50 meters
(165 feet), 100 meters (330 feet), and 200 meters (655 feet).
The ranking system for adverse geological orientation developed by Glynn et al. was
also amended [31]. The system was updated to include two new rankings to address unique
conditions observed along the IJssel and Waal sites. The numerical values within the ranking
system are categorical and not based on any physical measure of the effect of an orientation
on the formation of a sand boils (Figure 2.5 and Table 2.2). In this case and all previous
studies, the values are purely placeholders used to describe a geometric condition. The
two additional conditions were given similarly categorical values. First, a ranking of 0.3
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was designated for levee sections which overlay crevasse splay deposits. Kolb noted that
crevasse splays serve as highly permeable channels for seepage relative to backswamp and
even natural levee deposits[14]. The additional ranking value was added to represent this
unique condition not accounted for in the other rankings. Second, a ranking of 0.4 was given
to channel fill geometries which were too complex to effectively be described by the original
ranking system.
2.5.1 Logistic Regression Results
The binary logistic regression was performed on three data sets: IJssel River region, Waal
River region, and a third set combining data from the former two. Following a principal
components analysis five independent, significant factors were identified for each of the three
data sets (Table 2.3). No single factor was consistently significant across all three data sets,
but four were consistent across two data sets. These included NDVI on the land-side within
the 50 m buffer, NDVI on the water-side within the 100 m buffer, depth to the top of the
Kreftenheye Formation, and the unfavorable geologic orientation ranking.
Table 2.3 Significant factors for the three data sets as identified by the logit model and
principal components analysis.
IJssel River Waal River Combined Region
Top of Kreftenheye
Formation




Top of Sterksel Formation Base of Pieze and Waalre
Formation






Floodplain Width NDVI Land-Side (50m)
NDVI Land-Side (50m) NDVI Water-Side (100m) NDVI Water-Side (100m)
The IJssel River data set proved the exception for unfavorable geologic orientation. One
potential reason for this is the relative youth of the river, whose modern path formed due
to an avulsion of the Rhine into the IJssel valley in approximately 950 AD [36]. Due to the
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youth of the stream, the active channel is bounded by less numerous or extensive channel fill
deposits. The result was a data set with an unfavorable geological orientation ranking due to
either channel fill or crevasse splays in only 32% levee segments. Approximately 56% of levee
segments along the Waal River were associated with an unfavorable geologic orientation.
The Kreftenheye Formation upper bound was identified as a significant factor for the
IJssel River and combined region data sets. The formation is generally composed of mod-
erately coarse to extremely coarse gravelly sand of fluvial origin. Moving up section, the
composition of overlaying Boxtel, Nieuwkoop, and Echteld formations are distinctly more
clay, silt, and peat rich. Along the Waal River region the transition contains a characteristic
stiff, gray to black clay layer [37]. This condition of a sand dominated deposit overlain by
a varying blanket of low permeability material matches the typical backward erosion piping
model known to promote sand boil formation. Regional differences in the thickness of the
blanket and depth to the Kreftenheye likely contribute to the differing significance in the
logit model results between study areas.
Comparing these results to previous studies, the two NDVI measures support findings
that indicated NDVI on both the land-side and water-side influence sand boil formation [16].
Furthermore, orientation of geologic material was identified as a significant factor for a third
time [16, 31]. The remaining factors describing geologic formations are unique to this study.
Following the first analysis, a second logistic regression was performed to generate the
final sand boil predictive models based exclusively on the significant, non-redundant factors





1 + eY ′
(2.2)
Y ′ = 0.03176(DBeegdenBase)− 0.01474(DSterkselTop) + 3.970(NDV IW2)
− 0.000129(LF loodplainWidth) + 0(O0)− 0.525(O0.4)− 0.109(O0.5)




P (1) Probability of an event (i.e. 1 or sand boil) at the respective location (%)
Y ′ Linear function accounting for the significant variables.
DBeegdenBase Depth to the lower bound of the Beegden Formation beneath the levee
segment (m)
DSterkselTop Depth to the upper bound of the Sterksel Formation beneath the levee
segment (m)
NDV IW2 Value of the water-side NDVI in the 100 meter buffer
LF loodplainWidth Distance between the levee segment and the nearest riverbank (m)
O0,0.4−1 Categorical value for the unfavorable geologic orientation rating
The equation yields some interesting observations along the Waal River region. The prob-
ability of a sand boil increases as the depth to the base of the Beegden Formation decreases
and the depth of the Serksel Formation decreases. Land with a higher NDVI indicating
it is less developed or more heavily vegetated also increases the probability of a sand boil.
Segments adjacent a larger floodplain are also expected to have a reduced probability of
sand boils forming. The unfavorable geologic orientation ratings exert a mixed result on
probabilities generated from the logit model. In order of increasing effect, orientations 0.5,
0.4, 1, and 0.7 reduce the sand boil probability (Figure 2.5 and Table 2.2). In similar order,
orientations 0.6, 0.8, and 0.9 increase the sand boil probability. The probability of sand boils
is also unaffected by an orientation rating of 0.
The factors have a similar effect on sand boil probability in the other region models as
well. In all cases, as the value of NDVI increases so does the sand boil probability. The
depth to particular formations continued to have a mixed effect on model probabilities.
In the IJssel logit model, as the depth to the Kreftenheye and Urk formations increased
so did the probability of sand boils. However, in the combined region model as depth to
the Kreftenheye and Pieze and Waalre formations increases the probability of sand boils
decreases. The IJssel model also increases sand boil probability as the thickness of Holocene
deposits and the Boxtel Formation increases. Finally, unfavorable geologic orientation acts
similarly in the combined logit model. Orientations 0 and 0.6 have nearly no effect on the
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final probability. In order of increasing effect, orientations 0.5, 0.8, and 0.9 increase sand
boil probability while 1, 0.4, and 0.7 reduce the probability.
The logit models were then reapplied to the study area to test their accuracy in predicting
observed sand boil locations. In all three cases, the predictive models performed poorly.
Figure 2.7 shows a receiver operating characteristic (ROC) curve plotting performance of
the models in terms of true positive rate and false positive rate over a series of cutpoints.
The models generally outperform a model of random sand boil prediction by a narrow margin.
The models provide approximately 1-4% better accuracy across all thresholds (Table 2.4).
The greatest accuracy achieved by one of the models is 61% from the Waal River logit model.
For comparison, Semmens et al. (2017) achieved an accuracy of 62% at the optimal cutpoint
in their logit model applied to the LMV.
Figure 2.7 ROC plot for the IJssel, Waal, and combined region logit models. The dotted
reference line illustrates the performance of a random prediction model.
The combined region model yielded the lowest accuracies. This circumstance may be
due to the variance in conditions between the IJssel and Waal River regions. The fact
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Table 2.4 Accuracy and AUC measures for the logit models.







IJssel River Model 53.49 57.40 0.5508




that significant factors varied between models lends credence to the conclusion that sand
boil formation is dependent on a combination of conditions experienced at a particular
location. Additionally, this case indicates that attempting to predict sand boils using a single
logit model across multiple environments reduces the influence of region-specific conditions,
yielding a less effective model than evaluating systems on a more local scale.
The logistic regression results further indicate that while it is possible to identify statisti-
cally significant factors, for this data set the significance has yet to translate to the practical
significance of accurately predicting sand boils. All three models in this study yielded un-
acceptably high false positive and false negative rates to be implemented as a reasonably
accurate predictive tool. There are four noteworthy circumstances that contribute to this not
so successful prediction. First, geologic formation information may be less useful than soil
physical properties. A geologic formation describes a fundamental unit of common lithology
and stratigraphy, not physical properties. While some formations may exhibit common en-
gineering properties this is not always the case, and variability in physical properties would
be expected to have a significant effect on the backward erosion phenomenon.
Second, model accuracy is dependent on the quality of the input data. Geologic data
was acquired from the Geologic Survey of the Netherlands and used as an indicator of soil
physical properties. Thus, the geologic data used in this study was derived from a national
geologic model based on hundreds of thousands of borehole data and cone penetration tests
from across the Netherlands. Performing a more focused, higher resolution survey of the
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subsurface unique to the levee sections and adjacent land would be a significant improvement.
Additionally, NDVI calculations could be improved by using higher spatial resolution from
satellite sources such as GeoEye or Digital Globe. The method for quantifying unfavorable
geologic configuration may also be improved, but will require additional research to parse
out the complex spatial relationships between geologic deposits and sand boil occurrence.
Third, there may exist other, more significant factors influencing sand boil formation.
Flood barriers such as levees frequently protect low lying agricultural regions. Many agri-
cultural processes involve reworking and disturbing the local blanket material. This may
introduce points of weakness from which piping may initiate, circumventing expected geo-
logic or vegetative influences on hydrogeology. Human elements such as pipes or wires which
run beneath levees may also provide more rapid seepage paths laterally through the subsur-
face, potentially enhancing the backward erosion piping process. Additionally, the scale at
which these factors are evaluated and implemented has yet to be investigated. For example,
it may be more effective to evaluate unfavorable geologic orientation based on microtopog-
raphy (e.g. ridge and swale) versus macrotopography (e.g. channel fill, point bars, and
overbank deposits). The limited accuracy of the models despite the presence of significant
factors may also indicate that the development of sand boils may be more random than
previously described.
Several statistical procedures have the potential to improve upon or replace the logit
model presented in this study. For example, no statistical screening or ranking procedure
was applied to the factors. Screening may help identify coincidental significance and reduce
overfitting, but given the condition that each factor has an observed or theoretical connection
to backward erosion piping the benefits are unlikely to yield a dramatic improvement of the
final model. Ranking the factors prior to applying the logistic regression may also improve
the final logit model. This effectively reduces the influence of extremely large or small
values within the distribution of a factor on the logit model. In the future, conditional
approaches such as regression trees or a Bayesian analysis may provide more elegant and
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accurate predictions, but such an analyses often require temporal data or other knowledge
that can be difficult to acquire. However, the logistic regression method is still considered a
valuable approach. It can readily account for a variety of data types and a large collection of
variables. The results of the analysis provide a measure of significance for each factor which
allow one to quickly identify the most important factors and reduce overfitting. The logit
model may also be quickly reapplied without the need for additional analysis or statistical
knowledge provided an individual has values for the necessary variables and applies the
model in an appropriate setting.
The results of this research indicate there are many avenues for exploring and improving
prediction of backward erosion piping. First, determining whether logistic regression is the
most effective method for evaluating sand boil development. While the methodology within
this paper may be refined and reapplied, the ability to compare results against another
statistical approach would help define the limitations of the methodology in this paper.
Second, determining the most effective scale for evaluating backward erosion piping and the
conditions that contribute to the phenomena would also be useful. This research applied
a uniquely macroscopic analysis of the phenomena typically reviewed on a scale one or
more orders of magnitude smaller. Identifying the most appropriate scale for evaluating the
occurrence of backward erosion piping has the potential for improving our ability to predict
and mitigate the phenomena. Third, quantifying and accounting for the role of vegetation
as it relates to backward erosion piping can be significantly improved. NDVI was recognized
as a significant predictor of sand boils in multiple models within this paper, but it provides
only a broad description of the condition of local land cover. A more nuanced evaluation
of relationships between local land cover and sand boil formation would help illuminate the




While it has shown promise as a tool for analyzing sand boil development, in this study
the logistic regression method yielded mixed results. The logit model generally supported
previous findings indicating that unfavorable orientation of geologic deposits and the veg-
etative cover on either side of the levee structure have a significant relationship with the
spatial occurrence of sand boils. The depth to the top of the Kreftenheye was also identified
as a significant predictor of sand boil formation, particularly within the IJssel River Valley.
However, this statistical significance has yet to translate to a model of practical accuracy.
The maximum accuracy achieved in each model was 7.4%, 10.83%, and 5.63% greater than
that of a random prediction model for the IJssel River, Waal River, and combined region
models respectively. These results are comparable to the 12% better than random accuracy
achieved along the LMV [16]. Given the variance in significant factors between models, sand
boil formation appears to be dependent on a combination of conditions experienced on a
local scale. Furthermore, the dip in accuracy for the combined region model indicates that
attempting to predict sand boils using a single logit model across multiple geologic environ-
ments reduces the influence of region-specific conditions, yielding a less effective model than
evaluating the systems individually.
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CHAPTER 3
EMPIRICAL ASSESSMENT OF BACKWARD EROSION PIPING VIA BLANKET
THICKNESS, LOWER MISSISSIPPI VALLEY, USA
Under review at the Natural Hazards Review journal.
Stephen Semmens3, Wendy Zhou4, and Bryant Robbins5
3.1 Abstract
Backward erosion piping (BEP) is a common hazard along artificial levees in the Lower
Mississippi Valley (LMV). This study applies an empirical assessment of overbank deposit
thickness, also referred to as “blanket” thickness, and the probability of BEP initiation
within the LMV. A dataset composed of 800 boreholes, 500 piezometers, and 2691 sand
boils is compiled from U.S. Army Corps of Engineers (USACE). The data are assessed
using a staged evaluation methodology. Results indicate blanket composition has no clear
relationship with BEP initiation. Blanket thickness correlates with BEP initiation, even
when variations for vertical hydraulic gradient are accounted. BEP also appears to initiate
more readily than expected through thin blankets. Finally using a Näıve Bayes algorithm, a
model is presented indicating probabilities of BEP initiation as a function of blanket thickness
and factor of safety (FS). The model indicates blanket thickness influences probability of BEP
initiation independently from FS. The model could prove useful for BEP hazard assessment
along levees as both an evaluation and design tool.
3Graduate student, Department of Geology and Geological Engineering, Colorado School of Mines. Primary
researcher and author.
4Associate Professor, Department of Geology and Geological Engineering, Colorado School of Mines. Aca-
demic advisor and second author.
5P.E., U.S. Army Engineer Research and Development Center. USACE research adviser and third author.
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3.2 Introduction
Backward erosion piping (BEP) is a critical failure mode of levees. During floods, BEP
may erode material from the foundation of a levee. Given sufficient time under the right
conditions BEP can erode enough material to destabilize the foundation and cause structural
failure of the embankment. While the significance of the phenomena is well understood, BEP
has been difficult to predict or observe in the field. Thickness of overbank deposits, a layer
of fines often covering much of the floodplains on which levees are constructed, significantly
correlates with the occurrence of BEP. This study expands on the observation by empirically
assessing the effect of blanket thickness on the probability of BEP initiation within the Lower
Mississippi Valley (LMV).
3.3 Background
BEP occurs as a result of high hydraulic gradients that occur across a levee structure and
foundation during a flood event. The gradient develops as flood waters rise against one side of
the embankment and begin to seep through the pervious structure and foundation materials.
Under the right conditions, the seepage forces may exceed the resisting forces resulting in
erosion and migration of particles through the subsurface (Figure 3.1). This process typically
begins along natural weaknesses or gaps in the ground where flow is concentrated [5, 6]. As
the erosion process continues these small cavities grow into pipes which propagate in the
upstream direction. Levee failure occurs when the pipe removes enough material that the
foundation can no longer support the structure.
Material eroded by the growth of the pipe is transported along the conduit to its down-
stream end where it intersects the ground surface. At this point the hydraulic gradient
quickly dissipates, depositing eroded material around the mouth of the pipe. The deposit,
called a sand boil, is usually conical in shape and composed predominantly of non-cohesive,
uniform sand [5, 8]. Sand boils are invaluable indicators of BEP because they form as a
direct result of BEP and are the only feature of the phenomenon which can be observed
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Figure 3.1 Image depicting phases of the backward erosion piping progression. Modified from
van Beek [9].
above the ground before levee failure.
BEP is a common hazard for levees constructed on alluvial and deltaic deposits [8, 9].
These deposits contain the characteristic composition and stratigraphy needed to maintain
BEP. First, overbank deposits, known in the engineering community as the “blanket”, refer
to the top stratum of mixed silts and clays extending across the floodplain [5, 10, 11]. This
layer can range in thickness from less than a meter to tens of meters depending on the
position along the LMV. The blanket lays atop older, often predominantly sandy alluvial
deposits. BEP pipes often propagate along the lower boundary of the blanket. This occurs
because the blanket material is cohesive and better able to maintain the roof of the pipe
as the pipe grows. Materials with low cohesion such as sand, lack the integrity to maintain
the roof as the pipe grows. If the roof fails it effectively closes off the pipe and resets the
BEP process [9]. Second, the lower cohesion materials beneath the blanket deposited as
point bar, meander scroll, or abandoned channel deposits are vulnerable to being eroded by
the concentrated seepage forces [42]. Third, while composition and stratigraphy can vary
considerably across a floodplain, the conditions for BEP to occur need only be present for
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the extent of a pipe pathway across the levee foundation. With over 2500 kilometers of levee
constructed adjacent the Mississippi River, there are an extensive number of locations where
the necessary elements are in place [2].
3.3.1 BEP Correlations
BEP initiation has been shown to correlate with a variety of factors. Local geologic
conditions are frequently cited [5, 6, 14–16, 43]. Within ridge and swale topography, boils
are observed clustering along coarser grained ridges [5]. Finer grained deposits such as
swales and channel fill are noted as barriers which focus and funnel groundwater through
the subsurface, locally increasing the residual head [5, 6, 14, 15]. Statistical analysis of boil
clusters appears to support these geologic observations by indicating boils are not occurring
at random and do indeed cluster at multiple scales [17].
Some components of the blanket are also notable factors. Blanket thickness exhibits an
inverse correlation with boil occurrence [5, 15, 18]. In 1957 Mansur and Kaufman working
with the USACE published an extensive study of levee underseepage at 15 sites along the
Lower Mississippi Valley (LMV). The investigation surveyed the sites using 800 boreholes
and 500 piezometers. The piezometers were installed for the duration of the 1950 flood
and some additional high water events at individual sites. The authors noted top blanket
permeability appears inversely related to blanket thickness. This is attributed to a decrease
in defects within the blanket, the same features needed to help initiate BEP [5]. Different
seepage responses (i.e. boils, heave, and benign seepage) occur as a function of blanket
thickness, blanket permeability, and the magnitude of subsurface pressures [15].
Piezometer recordings indicate sand boils occur within a range of vertical hydraulic gra-
dients (i) from 0.5 to 0.8. Turnbull and Mansur (1961) note most sand boils along the
Mississippi River occur at or above i of 0.5. This later became the empirical design guideline
for levees within the United States [20]. Vertical gradients below this range may result in
seepage but not erosion. While i is a useful tool for boil prediction it has significant limita-
tions. Installation and operation of piezometers requires significant time and money. Even
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given a highly detailed array of piezometers and the natural variability of loading under
flood conditions, many miles of levee can experience similar gradients but different BEP re-
sponses. As a result, local geologic conditions have been cited as a more significant influence
on the occurrence of boils than the vertical gradient [15]. However, despite its influence
on hydraulic gradient and apparent inverse correlation with boil occurrence, characteriza-
tion of blanket material is considered a weak point in the design and analysis process for
underseepage [15, 18].
3.4 Methodology
Methodology for this study follows three main steps.
1. Site selection
2. Data assessment and digital compilation
3. Staged evaluation of blanket thickness
3.4.1 Site Selection
In order to gather enough data for the subsequent analyses, a large dataset of sand boils
and blanket thicknesses is identified. The Mansur et al. (1956) surveys of levee underseepage
provides acceptable blanket thickness data near recorded sand boils. The study encompasses
15 locations along the LMV extending from Caruthersville, Missouri within the alluvial valley
to Baton Rouge, Louisiana on the upper end of the Mississippi River delta (Figure 3.2). The
combined dataset contains approximately 800 boreholes, 500 piezometers, 250 sand boils,
and accompanying tables, cross sections, and hydraulic data gathered over the course of the
original study. Given the size, quality, and extent of the Mansur et al. (1956) data their
survey locations are adopted as the study sites for this research.
Supplemental data which overlay the selected sites are collected, most notably several
hundred additional sand boils and borehole points from the USACE national sand boil
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Figure 3.2 Study sites along the LMR.
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dataset and USACE 15 minute quadrangle engineering geology maps [44–48]. Additional
blanket data is acquired from the NRCS Soil Survey [49].
3.4.2 Data Assessment and Digitization
Materials from the Mansur et al. (1956) report are acquired in digital form but must be
georeferenced before they can be used. These include all site maps, boreholes, piezometers,
sand boil points, and associated metadata. First, the maps are rectified. Next boreholes,
piezometers, sand boils, and other features of note are digitized according to their position
on the rectified maps. While multiple forms of seepage are recorded in the original doc-
uments, only points labeled as sand boils were digitized and analyzed. Seepage which is
not actively eroding soil particles does not fulfill the criteria as an indicator of backwards
erosion piping. During this process additional feature attributes such as date of observation,
blanket thickness, blanket composition, distance to nearest sand boil, etc. are assigned.
Finally, a principle dataset is constructed organizing the digitized features with respect to
the piezometer points. This perspective is chosen because piezometer points are the most
data-rich features, providing a concise and convenient method by which to associate the
remaining records.
3.4.3 Staged Evaluation of Blanket Thickness
Following construction of the principle dataset a staged evaluation is begun. Starting
with qualitative observations of the dataset, additional questions and assessments are posed
to focus in on quantifying the effects and relationships blankets exhibit with BEP initiation.
The final result of this evaluation is the following series of questions and accompanying
analyses:
1. Why is blanket thickness bimodal?
2. Is the thickness or composition of blanket material near sand boils unique?
3. Are loading conditions between sites with and without sand boils similar?
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4. Can factor of safety (FS), the ratio between critical and exit gradient, provide useful
insights by accounting for the loading condition and physical properties of the blanket?
5. Can the collected data be used to generate an empirical model by which BEP can be
predicted as some function of blanket thickness and FS?
An initial review of blanket thickness at sand boil locations indicates a strong bimodal
distribution. The first stage of analysis focuses on describing the reason for this phenomenon
by controlling for a series of variables: underlying geologic deposit, distance from channel fill
deposit, observation type (e.g. borehole versus piezometer cores), and geographic location.
Blanket thickness is assigned to sand boils according to the nearest borehole or piezometer
within a 50 meter search radius. The 50 meter search radius is adopted because it is well
within the range used by Mansur et al. (1956) to assign vertical hydraulic gradient obser-
vations to local sand boils (max distance of 185 meters). Given the highly variable deposits
one may encounter in a mature floodplain, the 50 meter distance is much more conservative
than the 185 meters but still yields an acceptably large dataset for statistical analysis. The
50 meter search radius is adopted for the remainder of this study for assigning observations
to sand boil locations.
The second stage reviewed blanket thickness and composition at sand boil points. Using
cross sections from Mansur et al. (1956), blanket thickness and composition are acquired.
The cross sections are constructed according to borehole observations made at the respective
borehole and piezometer locations. The resulting dataset is parsed and compared against
the principle dataset to determine whether or not blanket thickness or composition appear
to be unique at sand boil locations.
The third stage investigates the loading conditions between sites with and without sand
boils. While observations from the earlier stages are valuable, if separate geographic loca-
tions experience significantly different loading conditions the backward erosion piping re-
sponse would be expected to be different. Thus, failing to control for this condition makes
overarching observations concerning blanket thickness and composition to be less valuable.
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Vertical hydraulic gradients measured during flood events are used as a stand-in for the
local load condition. The number of boils located at each site are summed and the sites
are divided into groups according to their boil sums. A series of F- and T-tests are then
performed on these groups to quantify whether the variance and means differ significantly
between boil occurrence groups.
The fourth stage accounts for local loading conditions by evaluating blanket thickness at
sand boil points with respect to FS. FS accounts for a measure of soil and loading conditions
















FS Factor of safety
ic Critical gradient
ie Exit gradient
γ′ Buoyant unit weight (g/cm3)
γw Unit weight of water (g/cm
3)
γtotal Total unit weight (g/cm
3)
ρb Bulk density (g/cm
3)
m Moisture content (%)
FS is calculated for sand boil points where an exit gradient is available from the Mansur
et al.(1956) underseepage data and where bulk density and moisture content can be acquired
from the NRCS Soil Survey. The FS values are then plotted versus blanket thickness and
assessed.
The final stage of analysis generates an empirical model for predicting BEP initiation
based on FS and blanket thickness. The probabilistic nonparametric Näıve Bayes classifica-
tion tool from Matlab R2019b is applied to the full FS dataset. Näıve Bayes is a classification
algorithm based on the application of density estimation. The term “näıve” comes from the
assumptions the model makes: 1) inputs have a multivariate distribution according to their
46
class (i.e. the boil or no boil response) and 2) individual features within the dataset are
independent of one another. The algorithm starts by estimating the densities of predictors
within each class. The densities are then used to model posterior probabilities according to
Bayes rule. Finally, the tool performs a classification by estimating the posterior probabil-
ity for each class and assigning the class with the greater posterior probability. Density is
calculated according to a Gaussian kernel approach with a kernel smoothing window of 2.5.
The output is a probability surface for BEP initiation as a function of blanket thickness and
FS.
3.5 Results and Discussion
3.5.1 Stage 1 - Review of Blanket Thickness Bimodality
Following construction of the principle database a frequency chart of blanket thickness
at sand boil locations is made (Figure 3.3). The figure clearly shows a strong bimodal distri-
bution of blanket thicknesses grouping around 3 and 8 meters respectively. This bimodality
decreases when the search radius for obtaining sand boil observations is increased to 100
meters but is consistent when reduced to 30 meters.
Controlling for geology type, distance from channel fill and the original data source
(i.e. borehole of piezometer observation) continues to yield bimodal distributions. However,
controlling for geographic region along the LMV appears to isolate the two thickness distri-
butions (Figure 3.4). The two southern most sites, Kelson and Baton Rouge, strongly skew
the dataset toward thicker blankets. The reason for this is likely the shift in sedimentary
regime from their location on the upstream end of the Mississippi River delta and the alluvial
valley of the other LMV sites. Due to the small size of the dataset and significant difference
from the rest of the alluvial valley records, data from Kelson and Baton Rouge is removed
from subsequent analysis.
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Search Radius from Sand Boil
Figure 3.3 Frequency plot of blanket thickness for samples within a given search radius of
known BEP locations (blue lines) and for the entire borehole data set (orange line).
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Figure 3.4 A) Map sites divided into numbered geographic regions with regions 1-4 existing
within the alluvial valley and 5 on the delta B) Chart illustrating blanket thickness by region
C) Blanket thickness frequency by geologic regime.
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3.5.2 Stage 2 - Blanket Thickness and Composition at Sand Boils
The second stage seeks to identify whether or not unique ground conditions occur at boil
points relative to the principle dataset. Figure 3.5 shows two plots of blanket thicknesses.
Figure 3.5A is a normalized frequency chart of blanket thicknesses at sites with and without
sand boils. This chart appears to support former observations by Mansur et al. (1956) that
boils generally form in areas with thinner blankets. Figure 3.5B shows the same information
plotted by site. Along with Figure 3.4B these graphs support another observation by Mansur
et al. (1956) that blankets generally thicken moving downstream. At this time none of these
are new or particularly novel observations. While useful as a general concept, this knowledge
lacks utility because of limited specificity for use in BEP hazard analyses. The most notable
takeaway occurs at Bolivar, Eutaw, L’Argent, and Hole in the Wall on Figure 3.5B where
no sand boils occur. As a group, blanket thicknesses are slightly thicker than sites where
BEP initiation is observed. However, these sites are also exist father downstream where one
would expect thicker blankets generally. Thus blanket thickness alone does not appear to
define the occurrence of sand boils.
Blanket composition is acquired from cross sections in the Mansur et al. (1956) study.
The original borings were logged prior to widespread adoption of the Unified Soil Classifi-
cation System (USCS). However, blanket material is recognized and labeled as clay or silt
dominant fines within the report [5]. Figure 3.6 shows three charts describing composition
of blankets at boil and non-boil locations. Figure 3.6A plots the total thickness of clay
dominant fines versus silt dominant fines. Neither the principle dataset nor exclusively boil
locations indicate a trend in silt or clay composition. Figure 3.6B plots the silt and clay
dominant fines blanket thicknesses by site. Although there is a slight increase in average
clay thicknesses moving downstream, overall there is no apparent trend occurring as one
moves along the length of the LMV. Overall the lack of trends indicates that the type of
fines composing a blanket does not significantly influence BEP.
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Figure 3.5 A) Chart comparing blanket thickness frequency across locations with respect to
sand boil presence B) Blanket thickness by site with full borehole dataset (gray) and sand
boil locations (black).
3.5.3 Stage 3 - Comparison of Hydraulic Loading Conditions
The third stage investigates the loading conditions between sites with and without
recorded sand boils. Vertical exit gradients are used as a proxy for the load experienced
by the local levee. The variance and means of the two sample datasets are compared using
F and unpaired T null hypothesis tests where α = 0.05. In both cases the null hypothesis,
that both datasets have the same variance or mean respectively, are rejected indicating that
the loading conditions between sites with and without boils differ significantly.
Noting that sand boil frequency varies from site to site, the sand boil gradient dataset
is further subdivided into a series of groups based on sand boil frequency. These samples
are then subjected to the same null hypothesis tests to compare load conditions between
sites that experienced a low, moderate, and high occurrence of sand boils. Hypothesis
testing indicates in each case the sample gradient means always differ (i.e. unpaired T-test
null hypothesis rejection) and population variances almost always differ (i.e. F-test null
hypothesis rejection) at α = 0.05. This indicates that different frequencies of sand boils
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Figure 3.6 A) Blanket thickness plotted as clay versus silt component B) Blanket clay and
silt thickness by site with full borehole dataset (gray) sand boil locations (black).
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occur at varying, dissimilar loading conditions.
One would expect similar ground conditions under dissimilar loads to behave differently.
Thus, attempting to compile generalized observations across differently loaded sites is un-
likely to yield clear relationships regarding local conditions and the occurrence of BEP. In
order to acquire more useful observations one must control for the local loading condition.
3.5.4 Stage 4 - Accounting for Local Loading Conditions Using Factor of Safety
The fourth stage accounts for the loading condition by evaluating blanket thickness at
sand boil points with respect to FS. As seen in Equation 3.1, FS accounts for the loading
condition by incorporating the local vertical exit gradient. FS also gauges a measure of the
local soil physical properties in the form of bulk density and soil moisture content. Con-
trolling for both these conditions should enable a more direct assessment of the relationship
between blanket thickness and BEP initiation.
Figure 3.7 shows a plot of blanket thickness versus FS across sites with and without
boils. Some segregation is immediately apparent between these samples. Sites without boils
(blue, filled circles) plot at relatively higher blanket thickness and FS regions of the graph
compared to sites where boils were observed (hollow blue and orange circles). Again, the
plot generally supports previous observations indicating that sand boils are more common
in thinner rather than thicker blankets. Data associated with BEP initiation (i.e. within
50m of a sand boil observation) shows lower median FS and blanket thickness than non-
boil observations with differences of approximately 0.7 meters and 1.4 respectively. These
differences increase to 2.9 meters and 2.2 respectively when compared against observations
at sites where no sand boils are recorded. With the exception of sites where boils were not
observed, FS and blanket thickness are all right skewed. The skew is substantial (skewness >
1) in all cases except at sites where boils were not observed. Kurtosis for boil-associated and
non-boil points was similarly leptokurtic for both blanket thickness and FS. Subjected to
the Anderson-Darling test for normality, neither boil-associated nor non-boil samples pass,
each rejecting the null hypothesis at α = 0.05 and indicating a non-normal distribution.
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Sites without Sand Boils
Unassociated Observation
50m Search Radius of Boil
Figure 3.7 Plot of blanket thickness versus FS across sites with boils (orange filled and hollow
blue) and without boils (blue filled).
It should be noted that some of the FS values appear to be rather large. Values above
FS of around 4 should be reviewed with some skepticism because they are often uncommon
or an artifact of inaccurate measurement. While both may be present for the higher values
within this dataset, inaccurate measurement of the true soil physical characteristics is more
likely given the methodology and scope of the original data from the NRCS soil survey.
Re-plotting the boil-associated dataset as a series of cumulative distribution functions
(CDF) yields Figure 3.8. The plot shows CDF curves for FS < 1.6 (i.e. low FS), FS ≥
1.6 (i.e. high FS), and the combined dataset. This division is not easily perceived but
advantageous for two reasons. First, it divides the dataset into two even samples. Second,
the trends observed on the plot are stable and exhibit only minor changes between a FS
threshold of 1.6 to 3. If blanket thickness has no effect on BEP initiation then one would
expect the lines for high and low FS to overlap consistently. However, the graph shows a
prolonged separation between the two curves. Observation of a sand boil indicates BEP is
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occurring, thus a true FS measure at the location should be ≤ 1. Accounting for variability
of subsurface condition, measurement error, and the distance between sand boil and the
points where blanket thickness and vertical hydraulic gradients are observed, a low FS is a
reasonable approximation of BEP initiating as expected. The low FS CDF curve shows BEP
occurring consistently across all blanket thicknesses. The high FS responses indicate BEP
initiating where one would not expect, primarily at lower vertical gradients than anticipated.
Essentially, at the BEP initiation point either the components of the FS calculation are not
representative or the FS calculation does not account for additional criteria responsible for
lowering FS more than expected. The latter condition has been measured before where
BEP reactivates along the same pipe over multiple flood loads [5, 18]. If that were the
case one might expect for some of the high FS values to occur even in thick blankets, but
Figure 3.8 does not show this. Instead the CDF curve shows over 90% of high FS observations
correspond to blankets <3 meters in thickness and entirely absent above thicknesses of 4.5m.
Thus, thinner blankets are failing more often than anticipated.
This is evidence that something independent of the loading condition but correlating
with blanket thickness appears to affect BEP initiation. The location of defects within the
blanket is one possibility. Defects and disturbances by burrowing animals, tree roots, tillage,
and many other activities can shorten pathways through or fully breach the thin blankets,
allowing for BEP to more easily initiate. The effect of these defects would be diminished
in thicker blankets where the effect of shortening the erosion pathway is proportionally
less significant. This may also contribute to the spatial occurrence of sand boils. While
many miles of levees may experience similar vertical gradients, defects are a highly localized
condition. Defects may contribute to the relatively rare occurrence of boils despite consistent
gradients.
Geology may again be responsible too. Like defects, the nature geologic structures in the
flood plain is also a highly localized phenomenon. The thickness and extent of these deposits
is a function of the processes that govern their formation. These deposits accumulate over
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High FS ( 1.6)
Figure 3.8 Graph depicting cumulative percent curves for FS with respect to two blanket
thickness samples (thin < 2m ≤ thick) at sand boil locations.
time as fines fall out of suspension from water which has overtopped the riverbanks and
flooded the surrounding area. Thinner blankets indicate this process has occurred over
a shorter time or that the conditions necessary for fines to fall out of suspension in the
particular region are historically limited. Pursuit of these answers is beyond the scope of
this work but may help clarify the role of blanket thickness in BEP initiation.
The effect may also be a statistical anomaly generated from limited data. From the
entire initial boil dataset of several hundred points, only 26 sand boils occurred close enough
(i.e. within a 50 meter search radius) to piezometer observations to be associated with a FS
measure. This is a limited sample size, and the addition of more observations may affect
the observed trend. The 50 meter search radius may also be too far to associate piezometer
readings with boil conditions. Given the inherent anisotropic, heterogeneous, and rapidly
changing composition of near-surface material in the alluvial valley, this radius may be too
coarse. However, the radius is a conservative distance association based on the precedent set
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by Mansur et al. (1956). The distance also struck a reasonable balance between generating
a large enough dataset for statistical analysis and accounting for the variability of ground
conditions.
3.5.5 Stage 5 - Generating an Empirical Model
The final stage of the analysis is to generate an empirical model which can be applied as
a tool for predicting BEP initiation. Using the Näıve Bayes algorithm, an output probability
surface for BEP initiation is created as a function of blanket thickness and FS (Figure 3.9).
The probability surface supports previous observations that BEP initiation is more likely
at thinner blankets and lower factors of safety. However, the model is more sensitive to
changes in blanket thickness. The FS scale starts at a value of one because FS < 1 indicates
BEP has initiated and is active at the location (i.e. probability of boil = 100%). In theory,
probability should approach 100% as FS approaches a value of 1 at all blanket thicknesses,
but according to the algorithm the maximum estimated probability is 31.7%. While the
plot fails to mimic the theoretical probability trend near FS = 1, the probability values
do appear to reflect the ratio of boil to non-boil points within the local region of the plot.
From a practical standpoint a value lower than theoretical is expected given the variability of
subsurface conditions and errors of measurement. The greater takeaway is the heat map trend
showing blanket thickness influencing BEP initiation probability independently from FS. To
our knowledge this is the first time the trend has ever been quantitatively demonstrated.
The probabilities for BEP initiation would be useful for BEP hazard analysis and by
association calculations of flood risk. However, the model has several limitations. First, the
model is trained on data from a specific region and geologic setting. The input data all comes
from within the alluvial valley of the Lower Mississippi River. Thus, the best application
would be within alluvial valleys with established overbank deposits underlain by scroll bars
deposited by a meandering river. Applying the tool to predict BEP initiation in other settings
may be helpful but less accurate relative to the deviations in the geologic environment.
Additional observations would also likely improve the model. Including training data from
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Figure 3.9 Heat map of BEP initiation probability as a function of blanket thickness and FS
with training dataset of boil and non-boil observations (solid and hollow points respectively).
other geologic settings could also improve the general accuracy and range of applicability.
3.6 Conclusion
BEP is a common hazard along levees constructed in the Lower Mississippi Valley. The
hazard is ever present because of the near surface structure of overbank and scroll-bar de-
posits extending beneath much of the modern levee system. Overbank deposits, also referred
to as the “blanket”, generally increase in thickness going downstream and dramatically in-
crease as one moves from the alluvial valley to the delta.
Some properties of the blanket correlate with the occurrence of BEP. Blanket composition
described as the quantity of silt or clay or the ratio of silt to clay has no clear correlation
with BEP initiation. Vertical hydraulic gradient and blanket thickness do correlate with
BEP initiation. Furthermore, the correlation between blanket thickness and BEP initiation
is significant even when the vertical gradient conditions are accounted for as a component
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in FS. Additionally, the results of this study indicate that BEP initiates more readily than
expected through thin blankets. The reason for this is unclear although natural defects and
local geologic structures may be responsible.
Using a Näıve Bayes algorithm a model is constructed to generate probabilities of BEP
initiation based on blanket thickness and FS. The model is likely most accurate within the
LMV given all training data was acquired from the alluvial valley of the Lower Mississippi
River. Accuracy and applicability outside of the region have yet to be tested. Accumulation
of additional data may improve the accuracy or scope of application in the future. However,
the methodology presented in this study provides a useful guide for interpreting BEP field
performance data in a quantitative fashion. Additionally, the final model indicates blanket
thickness is a significant variable for BEP initiation independent of FS or vertical gradient.
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CHAPTER 4
PREDICTING BACKWARD EROSION PIPING HAZARD, LOWER MISSISSIPPI
VALLEY, USA
Under review at the Quarterly Journal of Engineering Geology and Hydrogeology.
Stephen Semmens6 and Wendy Zhou7
4.1 Abstract
Backward erosion piping (BEP) is a form of internal erosion and common failure mode
along levees. Despite over a century of study, predicting where BEP will initiate is still
a considerable challenge. This study proposes a new model for predicting BEP initiation
focused on the widest range of applicability. A logit model is trained using data from 15
sites along the Lower Mississippi Valley (LMV). The included parameters are independent of
geography or geological regime and exhibit recorded or suspected correlations to BEP. Three
significant factors (95% CI) are retained for the final model: cumulative clay thickness within
the blanket (OR 0.520), critical gradient (OR 0.001), and exit gradient (OR 63.15). ROC
analysis indicates an AUC of 0.823. The model demonstrates 71% classification accuracy,
a dramatic 10% increase in over previous logit model attempts. Model results are most
applicable within 150 meters of the levee toe to predict new incidents of BEP initiation. The
final model is a useful tool for BEP assessment and mitigation efforts.
4.2 Introduction
Backward erosion piping (BEP) is a common hazard along levees. BEP occurs when soil
is eroded along an unfiltered seepage exit forming a cavity or “pipe” which propagates in
the upstream direction. Provided enough time, this form of internal erosion may remove
6Graduate student, Department of Geology and Geological Engineering, Colorado School of Mines. Primary
researcher and author.
7Associate Professor, Department of Geology and Geological Engineering, Colorado School of Mines. Aca-
demic advisor and second author.
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sufficient material to initiate collapse and subsequent failure of a structure installed above
the pipe. Although the phenomena has been under observation for over a century, predicting
the spatial occurrence of BEP in the field continues to be a difficult endeavor. This study
assesses the significance of several factors related to the process of BEP initiation. The study
concludes with a new model for predicting BEP designed as the most widely applicable model
to date.
4.3 Background
BEP is a form of internal erosion which undermines structures by removing material
from the foundation (Figure 4.1). The process from initiation to structural failure may be
summarized in four phases. First, a significant hydraulic head must be built and maintained
long enough for seepage to begin across the foundation materials [4]. Elevated water levels
during floods usually provide this necessary loading condition. Second, backward erosion
is initiated along an open, unfiltered exit [4–6]. Initiation may only occur within a precise
setting where a cohesive layer overlies a sandy aquifer. The low permeability, cohesive top
stratum maintains high hydraulic head within the aquifer and provides a cohesive roof that
can bridge the pipes which form as BEP progresses. In the absence of this arrangement
BEP cannot manifest, although other forms of internal erosion may occur [4, 7]. In the
third phase, backward erosion progresses along the interface between the cohesive stratum
and underlying sands. The high hydraulic gradient which forms across the foundation pro-
duces seepage forces which mobilize material along the perimeter of the unfiltered exit. The
eroded material is carried along the enlarging cavity and deposited downstream where the
pipe intersects the ground surface. As the pipe widens and propagates upstream the eroded
material gathers around the mouth of the pipe in a conical deposit known as a sand boil
[5, 8]. The fourth phase is composed of structural failure and breakthrough. Given a suffi-
cient duration under these conditions, the pipes may continue to grow and remove material,






Figure 4.1 Phases of BEP.
BEP hazard along levees is common in many alluvial and deltaic systems around the
world. Levees constructed along the main rivers of the Netherlands, the Mississippi River
in the United States, and the Yangtze and Nenjiang rivers of China are notable cases [4].
Although the shallow geology may vary considerably on a local scale, the general structure
where levees are frequently constructed often fulfills the conditions for BEP [8, 9]. First,
natural patterns of flooding over time result in the creation of extensive overbank deposits
composed of fine grained silts and clays [10, 11]. These deposits usually fulfill the role of the
low permeability, cohesive layer necessary for BEP called the “blanket” in the engineering
community [5]. Blanket thickness can vary significantly across the length of a river system
but generally increases in thickness moving downstream. Beneath the blanket can be found
point bars, meander scrolls, and abandoned channel deposits which provide the coarser, non-
cohesive erodible substrate. While these deposits may vary considerably along the length of
a levee, the unique BEP stratigraphy need only extend across the levee foundation.
4.3.1 BEP Correlations
BEP initiation correlates with a variety of factors. The arrangement and composition of
local geology are some of the most commonly cited influences. Laterally accreted meander
scroll and point bar deposits often form arcuate, undulating relief within alluvial valleys.
Local highs indicate coarser-grained, sandy ridges while local lows or “swales” are composed
62
of finer grained deposits [12]. During floods, sand boils express clustering tendencies on the
sandy ridges [5]. Deposits of fines such as swales and some channel fill are known hydraulic
barriers capable of focusing and funneling seepage as well as locally increasing residual head
[6, 13–15]. The relative orientation between these deposits and the levee structure is also
suspected to influence the clustering habit of sand boils [5, 6, 16, 43]. Spatial analysis of sand
boils indicates BEP is indeed not random and expresses clustering at multiple scales [17].
Blanket characteristics also correlate with BEP initiation. Sand boil occurrence and blanket
permeability are inversely related to blanket thickness [5, 15, 18]. These relationships are
attributed to a decrease in defects available within the blanket from which BEP may initiate
[5].
BEP is also sensitive to specific loading conditions. Vertical hydraulic gradients (i) from
0.5 to 0.8 may express boil formation [5]. Boils along the Mississippi River are known to
occur at i ≥ 0.5, a threshold later adopted as an empirical design guideline for levees within
the United States [19, 20]. Vertical gradients below the boil threshold express other forms
of seepage.
Several studies employ logistic regression to parse associations between BEP initiation
and a variety of suspected factors. Logistic regression, also known as logit modelling, is a
statistical methodology which provides two valuable outputs for these association studies.
First, a series of outputs are given describing the relationship between individual factors
and a response variable. Second, a logit model is produced. When applied, the model
generates the probability of a response with respect to a series of input factors. Together these
characteristics make logistic regression an effective tool for both BEP initiation prediction
and assessing correlations.
Glynn and Kuszmaul (2010) utilize logistic regression to investigate BEP initiation along
a 26 km section of the Middle Mississippi River Valley. The model identifies three significant
factors for predicting piping events: unfavorable geological configuration, thickness of the
top stratum (i.e. blanket), and the effective aquifer grain size. Semmens et al. (2017)
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applies a similar methodology along the Lower Mississippi River (LMR) but diverges by
expanding the factors of interest and physical scale of the study. The area of interest is
increased by nearly an order of magnitude to a 225 km section of levee adjacent the LMR.
The Glynn and Kuszmaul system for adverse orientation is adopted, but the system is
applied to channel fill deposits as opposed to swales in the original study. The analysis
also incorporates an evaluation of vegetation using normalized difference vegetation index
(NDVI). The results indicate unfavorable geological configuration significantly correlates
with BEP. Saturated hydraulic conductivity, the American Association of State Highway and
Transportation Officials (AASHTO) soil classification, and NDVI also identify as significant
predictors. This study was followed by a similar application of methodology to a study
area within the Netherlands along the Waal and Ijssel rivers [43]. The results again support
significant correlations between BEP initiation and adverse geological orientation and NDVI.
Additional local conditions such as the depth to specific geological formations are identified
as significant.
4.3.2 BEP Prediction
Despite the many factor correlations, predicting BEP continues to be a challenge. Logit
models focused on BEP initiation struggle to manage false positive predictions wherein
BEP is predicted but not observed [6, 16, 43]. Although the results indicate statistically
significant correlations with several factors, the predictive models only achieve up to 62%
accuracy. This is only 12% higher than a no skill, random prediction model. Overfitting,
limited data quality and specificity, and failure to include the most significant factors may
each be affecting these models.
Predicting BEP is inherently challenging for several reasons. First, observing the process
is difficult. Sand boils are the only indicators of BEP visible at the ground surface before
levee failure. Boils may be hidden by vegetation, at the bottom of ponds or ditches, or
otherwise obscured from view. This creates challenges in gathering data for analysis and
model generation. Second, the conditions necessary for BEP can be extensive during flood
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events. Many kilometers of levee can experience similar loading conditions but different BEP
responses. This makes it difficult to pinpoint hazardous locations based on loading condi-
tions. Additionally, the stratigraphy necessary for BEP may be present over similarly long
extents. Loading and general geological information lacks specificity, limiting its utility for
BEP prediction. Third, specific information regarding hydraulic gradient, stratigraphy, and
physical properties of local geology is often limited and expensive to collect. The highly het-
erogeneous arrangement of floodplain elements also makes it difficult to model or extrapolate
investigative data over distance with confidence.
BEP does exhibit some characteristics that aid in its prediction. Boils often reactivate
because the necessary conditions for BEP do not change significantly from one flood to the
next. Soil properties, stratigraphy, and the local arrangement of floodplain deposits are
essentially constant barring unnatural disturbance. Assuming ground conditions are capable
of preserving the pipe between floods, the process can pick up where it left off once an
adequate gradient is established to continue erosion. These observations may help explain
the clustering tendencies of BEP initiation. However, their utility is limited by a region’s
historical record of BEP and the fact that they do not directly consider any of the physical
conditions associated with BEP initiation.
4.4 Methodology
The following methodology produces a new BEP prediction model. The model is designed
to be the most widely applicable system to date, purposely avoiding the use of region-specific
factors such as land cover and adverse geological deposit orientation.
4.4.1 Site Selection
The Lower Mississippi Valley (LMV) is selected as the area of interest for this study
(Figure 4.2). The region is spatially extensive, providing a large region from which to draw
observations. Over 2000 kilometers of levee are present within the LMV today. The val-
ley also has a long recorded history of BEP. The U.S. Army Corps of Engineers (USACE)
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maintains information on the location and occurrence of sand boils extending back nearly a
century throughout the Mississippi River Valley. The LMV is also the setting for an exten-
sive investigation into underseepage performed by Mansur et al. (1956). The investigation
encompasses 15 sites extending from Caruthersville, Missouri to Baton Rouge, Louisiana.
Approximately 800 boreholes were logged and 500 piezometers installed to produce detailed
accounts of ground conditions at each site. During the 14 year period of observation the
team recorded over 250 sand boils in response to multiple flood events.
4.4.2 Data Selection and Preparation
The Mansur et al. 1956 data is adopted as the core dataset for this study due to its
consistency, accessibility, and detailed information on factors influencing BEP initiation.
Several hundred sand boil and borehole points are added to this dataset from the USACE
national sand boil dataset and USACE 15 minute quadrangle engineering geology maps
[44–48]. The NRCS Soil Survey provides additional geotechnical information [49]. The
final dataset provides a strong balance between parameters of interest for BEP, information
specificity, and a variety of locations for analysis.
Data from Mansur et al. (1956) is publicly available in digital but un-rectified form.
First, site maps are rectified. Next, key map features including boreholes, piezometers, and
sand boil points are digitized. While multiple forms of seepage are recorded in the original
documents, only points labeled as sand boils were digitized and analyzed. Seepage which is
not actively eroding soil particles does not fulfill the criteria as an indicator of backwards
erosion piping. Additional attributes including vertical hydraulic gradients, blanket thick-
ness, and distance to nearest sand boil are assigned (Table 4.1). Information is referenced
from the perspective of piezometer points because they provide the most concise method
for associating factors to geographic space. A 50 meter search radius is adopted for assign-
ing sand boil observations to piezometers. This range is well within the maximum distance
(185 meters) used by Mansur et al. (1956) to assign gradients to boil observations. The
distance is also considered acceptably conservative, balancing concern over extrapolating
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Figure 4.2 LMV study sites.
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conditions across highly variable floodplain conditions with the construction of a suitable
dataset for subsequent statistical analysis. The sand boil association is assigned as a binary
value. Piezometers with observed boils within 50 meters receive a value of 1 and all other
piezometer locations are assigned a value of 0.









Factor of Safety FS
Blanket thickness data is extracted by borehole location along Mansur et al. (1956)
cross sections. Blanket thickness is the depth in meters of silt- and clay-dominant fines from
ground surface to the first contact with an underlying sand deposit. Clay and silt thickness
are the sum of clay- and silt-dominant fines components within the blanket respectively. Bulk
density and moisture content are acquired from the NRCS Soil Survey [49]. Representative
values for the full soil column (approximately 2 meters) are assigned to the piezometer
reference points via intersection. In cases where piezometer points fall inside the bounds of
the levee structure and no survey intersection is available, data is assigned according to the
nearest neighbor. Factors requiring calculation (i.e. FS and critical vertical gradient) are
generated for piezometer points after their component parts are assigned. Equations 4.1 and

















FS Factor of safety
ic Critical gradient
ie Exit gradient
γ′ Buoyant unit weight (g/cm3)
γw Unit weight of water (g/cm
3)
γtotal Total unit weight (g/cm
3)
ρb Bulk density (g/cm
3)
m Moisture content (%)
4.4.3 Logistic Regression Analysis
Several iterations of logistic regression and model assessments are applied to generate a
final, best predictive model. The process is split into five phases:




5. Final Model Assessment
The first phase applies PCA to the full study dataset. The resulting eigenvalues and
eigenvectors are used as criteria for determining the number of parameters for inclusion in
the subsequent regression models. A loading plot is also generated and applied as an initial
assessment of parameter collinearity.
Phase two applies logistic regression to the full study dataset. The model is assessed for
baseline performance and general measures of parameter significance.
In phase three multiple trimmed models are created and a final, best fit model is selected.
A significance threshold of α = 0.05 is adopted and used as a criteria to simplify the initial
complex model. After each iteration, the P-values for the remaining parameters are reviewed.
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If the value of any parameter exceeds α, the largest value parameter is removed and the
logistic regression reiterated. This continues until all parameter P-values fall below α. The
process is then reapplied to two additional datasets: one with major outliers removed and
one with major and minor outliers removed. Major outliers are defined as 3 times the
interquartile range above or below the third or first quartile respectively. Minor outliers
are defined as 1.5 times the interquartile range above or below the third or first quartile
respectively. Following model trimming the three logit models are compared and a final,
best fit model is selected.
In the fourth phase, ten samples are bootstrapped from the dataset used to generate the
best fit model. The logistic regression trimming procedure from phase three is applied to
each sample dataset. The resulting models are reviewed for consistency of factor significance
across samples and compared against the best fit model.
The fifth and final phase applies receiver operating characteristics (ROC) and precision-
recall curve (PRC) analysis to the predictive model. ROC and PRC curves are generated
and the model is assessed on its ability to accurately predict sand boil occurrences. Finally,
the optimum probability threshold is selected for classifying BEP predictions.
4.5 Results and Discussion
4.5.1 Principle Components Analysis
Cumulative proportion measures indicate representative variance within the dataset may
be achieved using only seven of the eight parameters. From the loading plot one can see sig-
nificant collinearity between blanket thickness, silt thickness, and clay thickness (Figure 4.3).
Blanket thickness and silt thickness show the greatest collinearity indicating one is likely re-
dundant. The eigenvector response for silt thickness also does not appear significant for any
principle component supporting the case for redundancy. Thus, silt thickness is removed
from consideration for further analysis.
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Figure 4.3 PCA loading plot.
4.5.2 Initial Model
Of the parameters passing PCA, only clay thickness and critical gradient fall within
the α = 0.05 significance threshold (i.e. P-value < α) (Table 4.2). Individual odds ratios
(OR) indicate a dramatic inverse relationship between probability of BEP initiation and
these significant variables. The OR for blanket thickness indicates a counter intuitive direct
relationship with blanket thickness. However, given the high P-value and low sensitivity,
OR for this relationship should not be taken too seriously. Exit gradient and bulk density
are characterized by very strong, direct relationships with BEP initiation probability. Factor
of safety exhibits the highest P-value but maintains the expected inverse relationship with
BEP initiation probability.
The model performance registers a deviance R2 value of 28.28% and an adjusted deviance
R2 of 23.05%. The model also passes the Hosmer-Lemeshow test for goodness of fit indicating
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Table 4.2 Initial model parameters and responses.
Parameter P-value Odds Ratio
Blanket Thickness 0.475 1.15
Clay Thickness 0.003 0.37
Bulk Density 0.178 8.4 · 108
Moisture Content 0.091 1.30
Critical Gradient 0.041 0.00
Exit Gradient 0.167 18.79
Factor of Safety 0.557 0.8668
the model provides an acceptable fit for the dataset. However, model performance struggles
due to high multicollinearity between bulk density, moisture content, and critical gradient
measured by variance inflation factors (VIF). VIF for bulk density, moisture content, and
critical gradient are 33.3, 33.3, and 14.3 respectively where a value of 5 generally indicates
high multicollinearity. These relationships makes sense given the allocation process of soil
physical properties within the NRCS Soil Survey and the fact critical gradient is calculated
using bulk density and moisture content.
4.5.3 Model Trimming
Results of the stepwise logistic regression indicate consistent significant parameters across
datasets (Table 4.3). In all three models clay thickness, critical gradient, and exit gradient
surpass the significance threshold (α = 0.05). Clay thickness and exit gradient even meet a
≤ 99% significance threshold (α = 0.01).
Values for OR are similarly consistent across the models. Critical gradient and clay
thickness exhibit a strong inverse relationship with BEP initiation probability. For example,
for each meter increase in clay thickness the likelihood of BEP decreases by approximately
50%. Exit gradient displays a strong direct relationship with BEP initiation probability.
While the OR for critical and exit gradients seem excessively strong, one need consider the
unit increment relative to the range of values. For example, range for critical gradient is
approximately 0.36 while the OR is calculated for a unit increment of 1. The more useful
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Table 4.3 Trimmed model results and parameters.




P-Values Clay Thickness 0.002 0.002 0.002
Critical Gradient 0.013 0.015 0.017
Exit Gradient 0.001 0.002 0.003
Odds Ratio Clay Thickness 0.520 0.519 0.530
Critical Gradient 0.001 0.002 0.002
Exit Gradient 63.15 51.916 44.686
Deviance R2 (%) 23.35 22.15 20.53
Deviance R2 Adjusted (%) 21.12 19.87 18.19
interpretation of OR for these gradients should be done at an increment of 0.1 or less. Thus,
in the full dataset model, an increase of 0.1 in exit gradient increases the likelihood of BEP
initiation by a multiple of six while the same increase in critical gradient decreases the
likelihood times ten. None of these relationships contradict the current scientific model of
the BEP process.
Removing outliers, whether minor or major, exert little influence other than a slight
reduction in deviance R2. All three models pass the Hosmer-Lemeshow test indicating
acceptable model fit. The maximum VIF across models is 1.14 indicating very low multi-
collinearity between factors. The full dataset model is selected as the best fit model because
it exhibits the best model fit without needing to accommodate the justification and removal
of outliers.
4.5.4 Bootstrap Modelling
Following selection of the full dataset logit model, the respective dataset is bootstrapped
and assessed for parameter consistency across samples (Table 4.4). The ten sample datasets
are constructed by randomly selecting 80% of the full dataset. A stepwise logistic regression
with a significance criteria of ≥ 95% (α = 0.05) is then applied to trim models to significant
factors. Clay thickness is the most consistent significant predictor, appearing in all ten of the
trimmed models. Critical gradient and FS tie for the second most appearances, registering as
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significant in six of the ten models. However, both parameters were identified as significant
in two instances where the sample models failed to pass the Hosmer-Lemeshow goodness of
fit test. Exit gradient and moisture content were the next most consistent, registering as
significant in four models.
Setting aside the models which fail the Hosmer-Lemeshow fit test leaves four parameters
with four instances of significance. The median P-value across models ranks the parameters
in order of significance as follows: exit gradient, moisture content, critical gradient, and factor
of safety. Although the median value for water content ranked higher than critical gradient it
should be noted critical gradient did appear as significant in the two models which failed the
Hosmer-Lemeshow test. Additionally, the median odds ratio for water content and critical
gradient is 1.10 and 0.0003 respectively. This indicates water content has a comparatively
marginal effect on the likelihood of BEP. These results show clay thickness, critical gradient,
and exit gradient are consistently significant and influential across logit models and randomly
selected samples of the full dataset.
4.5.5 Final Model Assessment
The final logit model predicts the probability of BEP initiation based on the most con-





P Probability of BEP initiation (%)
zc Clay thickness (m)
ic Critical gradient
ie Exit gradient
ROC analysis is performed to further assess and optimize the model (Figure 4.4). The
ROC curve performs much better than a random guess model with an area under the curve
(AUC) of 0.823. This ROC curve is a dramatic improvement over the previous results by
Semmens and Zhou (2019).
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Table 4.4 Bootstrap sample model results.
Sample 1 2 3 4 5 6 7 8 9 10 Median
P-values Clay Thickness 0.008 0.004 0.01 0.004 0.002 0.002 0.001 0.002 0.002 0.003 0.0025
Bulk Density 0.043 0.067 0.0550
Moisture Content 0.014 0.021 0.014 0.025 0.0175
Critical Gradient 0.026 0.03 0.034 0.018 0.01 0.014 0.0220
Exit Gradient 0.001 0.003 0.002 0.005 0.0025
FS 0.006 0.03 0.04 0.047 0.009 0.024 0.0270
Odds Clay Thickness 0.5064 0.4967 0.5471 0.4753 0.4631 0.4672 0.3304 0.4034 0.3988 0.4064 0.4652
Ratio Bulk Density 0.0016 0.0021 0.0019
Moisture Content 1.0997 1.1061 1.1016 1.085 1.1007
Critical Gradient 0.0003 0.0001 0.002 0.0004 0.0001 0.0003 0.0003
Exit Gradient 164.5051 43.7294 115.4263 72.9594 94.1929
FS 0.4517 0.6302 0.6629 0.6472 0.4855 0.5578 0.5940
Deviance R2 (%) 27.15 26.22 23.52 21.24 25.65 26.79 31.60 25.38 28.90 24.33
Deviance R2 Adjusted (%) 23.20 24.25 19.30 18.51 22.85 23.83 27.88 21.43 26.93 21.27
Hosmer-Lemeshow Fit 0.694 0.587 0.804 0.504 0.024 0.03 0.56 0.132 0.371 0.442
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Figure 4.4 ROC curve (black) versus a no skill model (dashed gray).
A PRC curve is also plotted given the large, approximate 1:4 imbalance between BEP vs
non BEP responses in the dataset (Figure 4.5). The plot indicates the logit model clearly
performs better than a no skill model. The curve also indicates an approximately equal
tradeoff between precision and recall across classification thresholds.
Precision and recall must be balanced with respect to the unequal ratio of BEP responses
in order to optimize the logit model. F-measure is a ratio and optimization tool derived
from precision and recall. This statistic is better than accuracy when optimizing classi-
fication thresholds for uneven class distributions. The F-measure plot (Figure 4.6) shows
the logit model performs best with a low probability threshold. Peak performance occurs
at a threshold of 16% with probabilities greater than the threshold predicted to experience
BEP initiation and values below the threshold expect no BEP. At this threshold the model
achieves 71% accuracy, an improvement of nearly 10% over previous prediction attempts via
logistic regression.
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Figure 4.5 PRC curve (black) versus a no skill model (dashed gray).















Figure 4.6 Classification threshold vs F-measure.
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Despite the strong performance some limitations should be recognized. First, all of the
parameters in the final model require some significant measure of investment to gather.
Boreholes, piezometers, and lab tests are required to provide the necessary information.
Collecting high resolution data along the length of a levee comes at significant cost. Where
this information is available or in highly instrumented levee sections the model may prove
particularly useful. Second, it is unclear to what distance from the levee toe the model is
applicable. The authors recommend the model is best applied within a 150 meter distance
of the levee toe because records of BEP beyond this distance are very rare [43]. This
distance consideration may be unnecessary as exit gradient attenuates away from the levee
structure. However, it does provide useful guidance for planning site investigation and
instrumentation. Third, the model is optimized for predicting new BEP points. Locations
which have previously experienced BEP may reactivate more readily and at lower than
expected exit gradients because the piping structure is maintained between flood events.
Fourth, the data used to construct the model was collected exclusively within the LMV.
Although the final model parameters are not region specific, expanding the training dataset
to include information from beyond the LMV may yield better performing, more applicable
models. Finally, the model is designed for predicting BEP along levee structures. Application
along dams and other retaining structures is beyond the scope of the model and has not been
assessed.
4.6 Conclusion
This study presents a new logistic regression model for BEP initiation along levees. The
model is designed to be applicable along levee systems regardless of geographic or geological
settings. The final model utilizes three parameters passing a 95% confidence interval (α
= 0.05): critical gradient (OR 0.001), exit gradient (OR 63.15), and cumulative thickness
of clay material within the blanket (OR 0.520). The final model dramatically outperforms
previous logit model iterations of BEP prediction. The ROC analysis indicates an AUC of
0.823 and an increase in accuracy over previous models by nearly 10% to a record 71%. The
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The purpose of this research is to improve BEP prediction along levee structures. Several
factors suspected of or previously identified as correlating with BEP are assessed. The
knowledge is then applied within a set of predictive models.
5.1 Factor Review
5.1.1 Normalized Difference Vegetation Index
NDVI as a measure of land cover has now been identified as a significant predictor of
BEP in two studies. Both studies utilize a stepwise logistic regression approach with a CI
of 95%. However, the factor is inconsistent in its effect on the probability of BEP generated
by models. Increasing vegetative cover increases the likelihood of BEP when the vegetation
is measured on the water side of the levee while decreasing the likelihood when vegetation
increases on the land side.
The drop in BEP probability as vegetation coverage increases on the land side is suspect.
Bioturbation from root growth and decay is a known source for creating unfiltered exit
paths where BEP may manifest. Vegetation also obscures visual observation of boils at
the ground surface, potentially reducing the record of BEP incidence in heavily vegetated
sections. The limited skill of the resulting logit models also indicates, despite apparent
statistical significance, the relationship between NDVI and BEP occurrence is likely rather
weak.
5.1.2 Hydraulic Gradients and Factor of Safety
Gradients are a consistent consideration for BEP. Exit gradient accounts for the erosive
ability of water while critical gradient accounts for particle resistance to erosion based on
the physical properties of the material. Results from chapter four indicate both factors
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show significant correlation with BEP even under variable field conditions. Their particular
effect on the likelihood of BEP also makes physical sense; exit gradient has a strong, direct
relationship with BEP likelihood and critical gradient has a strong indirect relationship.
These correlations are consistent for boils even up to 50 meters distance from an associated
piezometer observation point. Logit models utilizing these parameters also exhibit greater
predictive skill than similar models which do not.
Factor of safety demonstrates some utility for BEP prediction. Over the course of this
work, FS is a second order value derived from the ratio of critical to exit gradient. This ratio
appears to be less useful for BEP prediction than the individual gradients according the
final logit model in chapter four. This may be due to the clear physical roles each gradient
plays. Thus, the logit model is better able to adjust prediction based on individual gradient
variations rather than an overall ratio change. FS as a gradient ratio also fails to account
for other parameters that likely influence the occurrence of BEP, blanket thickness most
notably.
5.1.3 Blanket Characteristics
Both blanket thickness and blanket composition demonstrate some correlation with the
occurrence of BEP. Results from chapters three and four indicate blanket thickness has an
inverse relationship with BEP. For the first time, blanket thickness is also shown to influence
the likelihood of BEP independently of loading conditions as described by FS. Compositional
proportions of clay and silt within the blanket have little or no relationship to BEP. However,
the thickness sum of clay within the blanket exhibits the strongest consistency and greatest
significance of any predictive factor used in BEP logit modelling.
These relationships along with the observations concerning FS and gradients indicate
some unique aspect of the blanket may be influencing the occurrence of BEP. One possibility
is the assertion by Mansur et al. (1956) that BEP is less likely in thicker blankets because
there are fewer defects through the layer where BEP can initiate. The total thickness of
clay as a significant parameter rather than clay proportion also fits the BEP physical model.
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Clay, rather than silt, is better able to maintain a stable roof due to its inherent cohesive
properties. Limited clay thickness, even if the clay proportion is high, may be capable of
initiation but not contain the necessary strength to maintain a roof for BEP to progress
further.
5.1.4 Geologic Parameters
The placement of geologic deposits and their orientations relative to the levee structure
are noted as significant parameters for BEP prediction in chapter two. While this largely
supports previous findings from BEP logistic regression analyses, the particular results within
this work indicate the relationships need further inspection before they may be employed as
a useful predictive factor.
Several local geologic formations are identified as significant factors within the final logit
models of the Netherlands study (Chapter 2). These factors make up the bulk of the pa-
rameters used in the logit models, each of which performed relatively poorly, generating a
marginally skillful model (maximum accuracy of 56-61%). While these strata may influence
the BEP process when they are near the ground surface, as they increase in depth the strata
stray from the regions where BEP occurs. Thus, as a formation increases in depth, the less
it should influence the BEP process. However, within the given logit models the opposite
happens, where greater values in depth yield larger influences on the model outputs. This
may help explain the poor performance of the Netherlands logit models and indicates ap-
proaching the BEP problem from a geologic strata perspective is likely more difficult and
less useful than applying basic soil classifications according to blanket theory.
The utility of swale, channel fill, and crevasse splay orientations also appears similarly
limited at the moment. Although multiple logit models have identified significant correlation
between orientations of these deposits and the occurrence of BEP, the influence of individual
orientations on the final model is not consistent and does not match the patterns first noted
by Mansur et al. (1956). The number of occurrences of any individual orientation is very
small relative to the breadth of the levee for channel fill and crevasse splay deposits. The
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apparent significance may be a product of poor sample size, wherein the logit model flags as
significant the few orientations that happen to encounter boils within the given dataset. This
may account for the scattered, inconsistent influence of orientations on the model outputs.
Collecting and analyzing a larger dataset of boils and associated local orientations is probably
necessary to summarize their relationship with any accuracy. Swales may be more useful in
this manner because they occur frequently along the length of a levee.
5.2 Model Review
Three models are proposed over the course of this work to predict BEP. The first is a set
of logit models optimized for the Waal and IJssel rivers in the Netherlands (Equation 2.2 and
2.3). The models exhibit limited skill at predicting BEP even within their training region
(maximum accuracy of 56-61%). These models also rely on data describing the depth to local
geologic strata, restricting their applicability to the Netherlands. Given their limited skill
and regional restrictions these models should not be applied for BEP prediction. Instead,
the models are more informative on the limits of geologic and NDVI factors as discussed in
the previous factor review section.
The second is a Näıve Bayes model proposed in chapter three (Figure 3.9). This model
is a graphical representation of BEP probability as a function of blanket thickness and
FS. The plot is not optimized for BEP forecasting but does provide useful insight into the
relationship between blanket thickness, FS, and the relative rarity of BEP initiation. The
model is empirically derived and may be applied to generate BEP initiation probabilities for
use in hazard assessments.
The final logit model from chapter four is recommended for BEP forecasting (Equation
4.3). The model is specifically designed for widespread application. It uses three parameters
independent of region or river system which show consistent, significant correlation with
BEP and fit within the understanding of blanket theory. These three parameters are critical
gradient, exit gradient, and sum of blanket clay thickness. Model performance is statistically
optimized to account for the rarity of boils along a levee system, yielding a 71% accuracy
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at the optimum prediction threshold. Although the model provides probabilities of BEP
initiation, the model is best applied as a prediction tool to classify whether or not BEP is
expected at a given location within 150 meters of the land side levee toe.
5.3 Future Work
BEP research still contains many avenues for exploration. The need for effective BEP
prediction will only become more important as the human population living within hazardous
flood zones increases. A short term step is to cultivate a large, international dataset to test
and improve the proposed BEP prediction models. As discussed in the geologic parameter
review, a larger dataset would also serve as an improved launching point for assessing BEP
relationships with swale and channel fill orientations. Pursuing clarity regarding these fea-
tures may limit findings to the Mississippi River or similar geologic regimes, but would still
be applicable to hundreds of thousands of levee miles. Various forms of pattern recognition
and remote sensing hold significant potential for accelerating our ability to map and assess
features which have a distinct morphology such as swales. Selection of the optimal scale
for BEP analysis is also unanswered. Statistical analysis indicates BEP clusters at multiple
scales but a single best-perspective has not been identified.
Longer term BEP goals will require new statistical approaches and field collaboration.
BEP shows a pattern of recurrence and reactivation between flood events. Machine learning
and Bayesian statistics may be better suited for prediction than logistic regression in the
long term but present difficulties for application in the short term. Land cover has also been
identified as a significant factor for BEP, but its true effect on the process is difficult to parse
because it can influence the ability to find BEP in the field. New methods for surveying
boils and assessing this bias may yield fresh insights and improvements to BEP prediction.
Additional field surveys for soil properties would also improve model assessment. Accurate
soil properties are particularly difficult to acquire over an area large enough for BEP analysis.
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Several electronic files are submitted as part of the dissertation. The files contain data
tables used for analysis as well as some collections of geospatial information used to generate
the data tables. The following table lists the name and a brief description of the files.
File Name Description
Data Netherlands.zip Data tables and Matlab scripts containing BEP and
factor information from the Netherlands study areas
Data LMV.zip Data tables and ArcGIS layer package containing BEP
and factor information from the Lower Mississippi
Valley
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